
 

ABSTRACT 

 

 

DAMIANO, JOHN.  Active Body Bias for Low-Power Silicon-On-Insulator  

Design. (Under the direction of Professor Paul D. Franzon.) 

 
 

SOI device technology offers the circuit designer higher performance and greater 

flexibility.  This work proposes the use of a targeted substrate bias and innovative device 

and circuit topologies to achieve higher performance and lower power while providing a 

strategy to compensate for wide temperature and process variations. This project introduces 

and evaluates a modified H-gate device topology (integrated drain-body transistor, or 

IDBT) vs. alternative structures using simulation supported by electrical results obtained 

from test circuits. The IDBT can be used to locally and dynamically reduce MOSFET VTH, 

increase switching speed, and improve circuit energy-delay product by up to 30%.  For all 

structures investigated, the dynamic body bias provided by IDBTs provides improved logic 

cell performance vs. conventional source-tied cell designs. This work also examines use of 

body bias to compensate for temperature or process variations.  The temperature range seen 

by space electronics exceeds standard commercial specs and even military specs.  

Integrated circuits placed on a satellite or lander vehicle may be expected to operate from 

below -200ºC to over 200ºC.  In this environment, the stabilization of key circuit 

parameters across temperature, whether power consumption or performance metrics, can be 

accomplished through a targeted substrate bias.  The amount of stabilization available, i.e. 

the degree to which key parameters can be shifted in-situ, is explored. Similarly, variations 

in device parameters due to process variations can also be compensated using this 

technique.  Finally, these efforts exposed marginalities in the models for Honeywell MOI5 

MOSFETs.  At low temperatures, the simulated device characteristics diverged 

substantially from the electrical data, while the PMOS device simulation results displayed 

incorrect body factor. This work interprets these results and develops improved models 

based on electrical results from a series of test structures. 
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INTRODUCTION 
 
1.1 Motivation 

 

SOI device technology offers the circuit designer higher performance and greater 

flexibility.  The Honeywell MOI5 PD-SOI technology available for this project provides an 

opportunity to investigate the impact alternative device and circuit structures that offer 

higher performance and additional flexibility.  Previous work uses either a dynamic bias 

that permits only low voltage operation or static bias configurations that require numerous 

individual body contacts that consume substantial chip area.  There is an opportunity to 

explore dynamic biasing techniques that offer higher performance without limits on VDD or 

a large increase in device layout area.  

Control of circuit performance in the context of temperature and process variations 

is also an active area of research.  Circuits designed for space applications must withstand 

extreme temperature swings, and the complex nature of microelectronic fabrication gives 

rise to variations in key circuit performance across the die and across the wafer.  Standard 

approaches to compensate for these variations are costly - here, the use of a body bias is 

explored as a alternative means to compensate for variations in temperature and fabrication 

processes. 

 

 

1.2 Overview of Research and Novel Claims 

 

1.2.1 Novel Device Structures for Low Power 

 Numerous strategies have been proposed to reduce power consumption.  These include 

a combination of architecture-level, circuit-level, and device-level solutions.  Logic gates 

developed using the device topology proposed above must be compared to conventional 

low-power solutions with area, performance, and complexity as figures of merit.  This 

project will evaluate the modified H-gate device topology vs. alternative low-power 

strategies using simulation data supported by baseline results obtained from test structures. 
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This paper describes the concept of an integrated drain-body transistor (IDBT) that can be 

used to locally and dynamically reduce MOSFET VTH, increase switching speed, and 

improve circuit energy delay product by up to 30%.  For all structures investigated, the 

dynamic body bias provided by integrated drain-body transistors provides improved logic 

cell performance vs.  conventional source-tied cell designs. Ring oscillators and logic 

chains implemented with IDBTs display higher operating frequency and faster switching 

compared to baseline cells.  In addition to this performance advantage, the electrical results 

demonstrate that, for a given performance target, the IDBT approach enables use of lower 

VDD, reducing power consumption.  Finally, the modified H-gate structure with parasitic 

IDBTs across the polysilicon extensions offers these improved power/performance 

characteristics without area penalty. 

 

1.2.2 SOI Logic for Wide Temperature Range and Process Corners 

The target process for this project – Honeywell MOI5 – has nominal VDD of 3V.  

Minimizing or reducing power consumption for a given level of performance will require 

use of a sub-nominal VDD for the digital circuitry.  Choosing this sub-nominal VDD will 

require an analysis of the MOI5 technology power/performance tradeoff across VDD.  This 

work proposes to explore the power/performance space for this technology using a series of 

test structures characterized using simulation and electrical results.  The temperature range 

seen by space electronics is wider than standard commercial specs or even military specs.  

A single-chip radio ASIC on a satellite or lander vehicle may be expected to operate from -

200ºC to over 200ºC.  In this environment, the stabilization of key circuit parameters across 

temperature, whether power consumption or performance metrics, is critical.  This might be 

accomplished through the use of a targeted substrate bias.  The amount of stabilization 

available, i.e. the degree to which key parameters can be shifted in-situ, should be explored.  

Understanding the tradeoffs here will enable an ultimate low-power solution.  Similarly, 

variations in device parameters due to process variations can also be compensated using 

this technique.  The amount of compensation should be compared to process corners to 

better understand the capabilities of this technique.   
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1.2.3 Improved Device Modeling over Wide Temperature Range 

The effort to reduce power consumption and improve circuit performance exposed 

marginalities in the models for the Honeywell MOI5 device.  Specifically, at low 

temperatures, the predicted characteristics obtained via simulation diverged substantially 

from electrical data.  Moreover, at all temperatures, the PMOS device simulation results 

displayed incorrect body factor.  To design circuits using the low power/compensation 

techniques proposed in this work, it is critical that the device model data is as accurate as 

possible and remains functional across the full range of values for temperature and VBS.   

This work improves existing device models by creating models based on electrical results 

from a series of single-device test structures, and ultimately transfer these results to the SOI 

design community. 

 

 

1.3 Dissertation Outline 

 

Chapter 2 provides background information and a review of relevant publications in 

this area.  Chapter 3 describes the approach used for transistor design in this work and 

provides baseline electrical results for the PD-SOI process technology.  Chapter 4 

introduces a new device structure to provide dynamic biasing of individual transistors.  

This structure is compared to standard device designs and characterized using electrical and 

simulation results.  Chapter 5 introduces the concept of using a targeted body bias to 

compensate for the effects of temperature and process variations on digital and analog 

circuit performance, and describes how NMOS and PMOS device models were adjusted for 

accuracy at low temperature. Finally, Chapter 6 provides a summary of results from this 

work. 
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CHAPTER 2 BACKGROUND AND LITERATURE REVIEW 

 

 

2.1 Overview 

 

After spending many years as an “emerging” technology, SOI substrate technology 

is now being used in the manufacture of a diverse group of circuits, ranging from highly 

specialized, radiation-hard space electronics to cutting-edge microprocessors and ASICs.  

SOI technology offers the designer several advantages over conventional bulk substrate 

technology.  Among these are radiation hardness for space applications, improved 

performance due to reduced junction capacitance, superior high-temperature 

characteristics, the opportunity for reduced circuit area and direct control of individual 

MOSFET substrate nodes.  These attributes make SOI technology attractive in numerous 

applications and, as substrate quality continues to improve and the price premium for SOI 

substrates drops, it is likely that SOI will be used in other applications as well.   

SOI research has focused on several thrusts, including (a) improvement of substrate 

manufacturing technology to optimize quality, (b) development of advanced device 

structures and fabrication technologies, (c) the ongoing migration of circuit designs from 

bulk silicon substrates to SOI substrates, and the problems / advantages of this transfer, and 

(d) innovative low-power / high-performance circuits and subcircuits.  The impact of SOI 

technology on circuit design is of special interest.  Below, the current status of SOI 

research in the thrusts mentioned above is reviewed.  As mentioned in Chapter 1, the 

fabrication technology available for this project is Honeywell’s MOI5 PD-SOI, and this 

review will focus primarily on PD-SOI research. 

 

 

2.2  SOI Substrate Technology  

 

SOI (Silicon-On-Insulator) is a device substrate technology consisting of a thin 

layer of single-crystal silicon above an insulating silicon dioxide layer.  Both layers lie atop 

a silicon substrate, and CMOS devices are fabricated in the thin single-crystal silicon layer 
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using conventional process technology.  SOI is an alternative to conventional “bulk” 

technology where CMOS devices are fabricated in a solid single-crystal silicon substrate 

without an insulating layer.   

Although SOI technology was first proposed in the late 1960’s, only recently has it 

emerged as a strong contender to conventional bulk CMOS technology.  Substrate quality 

and device yield issues were once commercial barriers, but quality has improved in recent 

years and now approaches that of bulk silicon [1,2,3].  SOI wafers are commercially 

available from several vendors, and as demand increases and SOI wafers are manufactured 

in larger volumes, the cost of the substrates has dropped substantially.  All of these factors 

have contributed to the growing acceptance of SOI technology for CMOS manufacturing. 

The two most common methods used to create SOI wafers are SIMOX and wafer 

bonding.  SIMOX ("Separation by IMplantation of OXygen") substrates are created when a 

large dose of energetic oxygen ions are implanted into single-crystal silicon substrates.  

Following the ion implant, a thermal anneal is used to react the implanted oxygen ions with 

the silicon substrate, thus creating a thin SiO2 layer below the surface of the wafer.  The 

thermal anneal also repairs ion implant damage to the thin silicon device layer above the 

SiO2, restoring it to single-crystal device-quality condition.  The energy of the implanted 

oxygen ions determines the depth and thickness of the underlying silicon layer, and the 

dose is set to ensure a stoichiometric SiO2 layer.  SOI substrates can also be created via 

wafer bonding.  The wafer bonding technique starts with two single-crystal silicon 

substrates, each coated with a thin silicon dioxide layer.  The oxide-coated surfaces of both 

wafers are pressed together and heat and/or pressure is applied to the pair of wafers, 

bonding the individual SiO2 layer into a single layer surrounded on the top and bottom by 

silicon.  One of the silicon substrates is then polished with an abrasive slurry down to the 

desired device layer thickness, and conventional device fabrication follows the substrate 

processing.  Both techniques are currently used to manufacture device-quality SOI 

substrates, and both techniques are described in more detail below. 
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2.2.1  SIMOX 

 SIMOX (Separation by Implantation of OXygen) SOI substrates are fabricated by 

implanting oxygen (as O
+
) into a bulk silicon substrate followed by an anneal step to form 

the SiO2 layer and repair lattice damage [4,5].  Initial efforts at creating SIMOX wafers 

attempted to achieve a stoichiometric concentration of oxygen in the oxide layer - this 

made the implanted O
+
 dose extremely high (>10

18
 ions/cm

2
) and often completely 

amorphized the silicon device layer.  For implants into typical substrates, this is not 

problematic as solid phase epitaxy (SPE) uses the underlying substrate as a template to 

restore the device layer to a crystalline state.  For SOI substrates, the buried oxide 

physically isolates the device layer from the substrate; since SPE is not available in this 

case, complete amorphization of the silicon device layer must be avoided.  It was found 

that annealing at 600°C during the oxygen implant could “heal” some silicon lattice 

damage in-situ and partially retain the single-crystal quality of the device layer at the 

surface, where the ion energy is highest and lattice damage is low.  The oxygen implant 

was followed by a high temperature anneal to form the buried oxide layer and repair 

remaining damage in the silicon device layer.  Conventional high-temperature annealing 

(~1250°C), however, could not eliminate a dense region of oxygen precipitates near the 

silicon device layer / buried oxide interface.  Subsequent experiments showed that a very 

high temperature anneal ( 1350°C) was required to fully remove these defects and achieve 

a sharp Si/SiO2 interface. 

The use of such a heavy dose in order to produce a stoichiometric buried oxide 

layer required a substantial amount of process time and consequently SIMOX wafers were 

very expensive.  In an effort to reduce process cost, it was found that lower doses 

(approximately 4x10
17

 ions/cm
2
 vs. >10

18
 ions/cm

2
) could produce an adequate buried 

oxide with some post-processing (described below).  Reducing the oxygen dose reduces not 

only the process cost/time but also the number of defects in the silicon layer.  Going 

forward, the use of a lower oxygen dose ( 2x10
17

 ions/cm
2
) should further reduce substrate 

cost and improve quality.  It is worth noting that all of the doses mentioned for SIMOX 

fabrication, even “low dose” processes, still greatly exceed typical implants doses used 

during IC fabrication, for example ~1x10
15

 ions/cm
2
 for MOSFET source/drain doping. 
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One concern with a lower dose process is that it provides a thinner buried oxide, 

and while this may be acceptable from a device perspective, it could increase the likelihood 

of buried oxide defects such as silicon pipes (discussed below).  Several process 

improvements address this problem.  The first is “internal oxidation” – internal oxidation 

involves a very high temperature thermal oxidation where some of the oxygen is able to 

diffuse to the silicon/buried oxide interface.  This diffused oxygen can improve the quality 

of both the Si/SiO2 interface and the buried oxide (by reducing defects) while also 

thickening the buried oxide layer.  Internal oxidation is an enabling factor for low-dose 

SIMOX.  Another process improvement is an additional low-dose room-temperature 

implant following the main oxygen implant.  This second implant amorphizes the device 

layer silicon near the buried oxide interface, enabling a better interface upon 

recrystallization and reducing silicon defects in the buried oxide. 

Advances in tool design also improved substrate quality.  Early tools sets were 

limited to A beam currents with electrostatic scanning and annealing furnaces with 

1250°C maximum temperature.  Later development produced mA implanters with heated 

substrate holders.  Higher currents reduced SIMOX implant time significantly.  Also, 

optical annealing systems capable of heating substrates to the melting point of silicon 

(1411°C) were developed.  At extremely high temperatures, the mobility and solubility of 

oxygen in silicon increases, and the oxygen precipitates dissolve and condense, a process 

known as Ostwald ripening.  The interface between the buried oxide and the silicon grows 

very smooth to minimize free surface energy. 

Several types of substrate defects remain problematic.  In the silicon device layer, 

threading dislocations, stacking faults, and inclusions are observed.  Threading dislocations 

can run from the top of the device layer down to the buried oxide interface.  These defects 

can be avoided by increasing the substrate temperature during oxygen implant to better 

facilitate in-situ annealing of defects in the silicon device layer.  Stacking faults, found at 

the Si/SiO2 interface, can cause device leakage but are not considered serious defects.  

Inclusions can occur if metal contaminants precipitate and then form silicide during high 

temperature processing.  These silicide inclusions may be thick enough to consume the 

device silicon layer and are soluble in hydrofluoric acid.  During subsequent processing, 
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these defects are fatal if they form voids beneath the gate oxide or, if the voids are large 

enough, a direct pathway for HF to attack the buried oxide.  Inclusions can be avoided 

using aggressive wafer clean steps and by reducing the likelihood of introducing metal 

from the implant system (for example, by coating the interior of the implant system with 

polysilicon). 

Buried oxide defects include silicon inclusions in the oxide, silicon “pipes”, and 

interface roughness.  A silicon inclusion is an island of silicon within the buried oxide.  

Inclusions can lead to increased leakage current through the buried oxide or dielectric 

breakdown.  Silicon pipes are conductive paths of silicon running through the buried oxide 

shorting the device layer to the substrate.  Inclusion and pipes are often caused by particles 

on the surface acting as implant blocks and they can be avoided through use of more 

aggressive wafer clean processes and internal oxidation.  However, as the buried oxide 

layer gets thinner, pipes and inclusions are more difficult to avoid.  The combination of 

interface roughness and inclusions also make wafer processing difficult, since these defects 

can interfere with automated wafer defect inspection and lithography tools.  The “hazy” 

appearance of the wafer prevents the tools from detecting actual defects and aligning to 

features on the surface. 

 

2.2.2  Bonded Wafers - Conventional and SMART-CUT Processes 

Wafer bonding is an alternative to SIMOX for fabricating SOI substrates.  The 

conventional wafer bonding process starts with two oxidized silicon wafers.  Chemically 

assisted bonding occurs when cleaned and rinsed wafers with hydrophilic surfaces are 

brought into contact, forming a fairly strong bond.  A subsequent anneal at approximately 

1100°C fuses the two wafers, and most of the water between the wafers diffuses to the 

SiO2/Si interface where it forms additional oxide.  To form the SOI structure, one of the 

wafers is then polished back or etched back, thinning the device layer to the desired 

thickness while maintaining low stress and excellent crystallinity.  The standard way to thin 

the device layer is BESOI, or bond-and-etchback SOI.  With this technique, the wafer to be 

thinned has a boron- or germanium-rich buried layer.  The wafer is first mechanically 

polished, then selectively etched down to the boron or germanium layer and polished.  
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Problems with the BESOI technique include the cost of spent wafers consumed during the 

polish and etch, and residual B/Ge dopant in the device layer film.   

An alternative to BESOI is SmartCut [6].  SmartCut (or Unibond) SOI substrates 

use hydrogen (not oxygen) implantation to ultimately create the silicon-on-insulator 

structure.  The process starts with an oxidized silicon wafer.  A large dose (>5x10
16

 

ions/cm
2
) of hydrogen is implanted to a given depth below the Si/SiO2 interface.  The 

implanted hydrogen produces cavities in the silicon lattice at the implant range.  If the 

wafer were annealed at this point, the implanted hydrogen would form molecular hydrogen 

and pressure would build inside the wafer, eventually causing the silicon surface above the 

hydrogen to become blistered.  This reaction indicates the presence of a weakened zone 

inside the silicon.  In the SmartCut process, blisters are avoided by placing a second wafer 

(the “handle” wafer) atop the oxidized and H
+
-implanted wafer (the “seed” wafer) prior to 

anneal.  When the wafer stack is annealed at 400°C-600°C, a clean fracture is produced 

across seed wafer, and the process is completed by polishing the surface to remove 

roughness in the device layer.  The “handle” wafer with the thin oxide/silicon layers is the 

final product, while the seed layer can be polished and reused.  “Pipe” defects do not exist 

for this process, since the buried oxide is formed via thermal oxidation on a bare wafer.  

The hydrogen ions are very light and therefore produce fewer defects in the silicon device 

layer compared to oxygen ions.   

There are several materials issues relevant to this process.  The use of implantation 

to define the thickness of the device silicon layer enables a much higher uniformity of 

thickness vs. bonding techniques that involve etch-back or chemical-mechanical polishing.  

The thickness of the silicon layer can be varied by adjusted the range of the hydrogen 

implant.  Also, alternatives to hydrogen have been explored.  These include helium 

implantation and boron/hydrogen implantation.  The use of a mixed helium/hydrogen 

implantation was found to be effective and enabled the use of a lower total implant dose; 

here, the hydrogen created voids while helium filled the voids and created pressure.  

Implanting boron not only created more defects per atom than H
+
 (as expected) but boron 

atoms also trap clusters of hydrogen since H
+
 atoms are electrically attracted to p+ boron 

layers.  This clustering helps reduce the thermal budget of the separation process.  
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Reducing the dose and thermal budget of the SmartCut process is useful for reducing 

process cost and defectivity. 

The ELTRAN process is similar to SmartCut.  ELTRAN (Epitaxial Layer 

TRANsfer) uses a porous silicon layer is used to define the “cut” point in the substrate 

instead of a hydrogen-rich implant.  Porous silicon is mechanically weak, but retains its 

single-crystal nature.  The ELTRAN process starts with a silicon substrate that has a porous 

silicon layer.  The pores on the surface are closed with an anneal, and an epitaxial silicon 

layer is grown followed by a thermal oxidation step.  This substrate is bonded to a handle 

wafer (as in the SmartCut process described above), and a water-jet separation technique is 

used to break through the porous silicon layer.  Finally, the wafer is briefly etched and 

polished to remove surface roughness. 

 

2.2.3  Strained SOI Substrate Technologies 

There are numerous process/design techniques available to increase CMOS device 

performance, including reducing channel length, reducing gate oxide thickness, and 

increasing gate oxide dielectric constant.  An alternative method involves applying strain to 

the silicon to increase carrier mobility and obtain higher drain currents.  There are two 

ways to apply strain: locally and globally.  Local solutions use a patterned capping layer 

(for example, silicon nitride) deposited above selected devices to apply tensile or 

compressive strain to an individual device.  Global solutions enabled by substrate 

engineering induce strain from the substrate and impact all devices.  Two emerging 

techniques are SGOI (silicon germanium on insulator) and sSOI (strained silicon on 

insulator). 

SGOI can be fabricated in three ways.  One technique is germanium condensation – 

in this process, the starting substrate is a conventional SOI wafer with Si1-XGeX/Si epitaxial 

layers.  The substrate is then thermally oxidized, forming a silicon dioxide layer atop the 

stack.  As silicon in the Si1-XGeX layer is consumed during oxidation, germanium diffuses 

downward, and the germanium concentration in the thinning SiGe layer increases to Si1-

YGeY (where Y>X).  The oxide is then removed from the surface, and strained silicon is 

grown on the Si1-YGeY layer.  An alternative is a SIMOX-like technique, where the initial 
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substrate is strained SiGe on silicon.  Oxygen ions are then implanted into the substrate, 

creating a relaxed SiGe layer on a buried oxide.  Internal oxidation is then used to increase 

the thickness and quality of the buried oxide layer while thinning the relaxed SiGe layer.  

Finally, SGOI can also be produced using wafer bonding.  In this process, SiGe is grown 

on a silicon wafer with a buffer layer between the substrate and the SiGe.  This wafer is 

then bonded to an oxidized silicon wafer, and the original substrate is removed (for 

example, with SmartCut) resulting in relaxed SiGe on insulator.  Strained silicon is then 

grown on the relaxed silicon germanium layer.   

sSOI is available only through bonding techniques.  First, a buffer layer followed by 

relaxed SiGe is grown on a silicon substrate.  Strained silicon is then grown on the relaxed 

SiGe, followed by bonding to an oxidized silicon substrate.  The original silicon wafer is 

then removed as above, resulting in a relaxed SiGe-on-strained-silicon stack atop an oxide 

layer.  Finally, the SiGe is then selectively removed, leaving strained silicon on insulator.  

It has been shown that the strain is retained after the original substrate is removed. 

 

2.2.4 SOI with Hybrid Orientation Technology 

Hybrid Orientation Technology, or “HOT” SOI, enables silicon with two crystalline 

orientations to be available on a single substrate.  This is useful because orientation has a 

strong impact on carrier mobility.  For example, hole mobility is 2.5x larger for silicon 

substrates with a (110) surface orientation vs. standard (100) substrates; however, electron 

mobility is highest for (100) substrates.  Wafer bonding technology can be used to generate 

substrates with both orientations available to the circuit designer.  The HOT SOI process 

starts two silicon wafers – one with (110) orientation, the other with (100).  The (100) 

wafer is oxidized and implanted with hydrogen (as detailed above for the SmartCut 

process).  The depth of the hydrogen implant defines the eventual thickness of the (100) 

device layer.  After implant, the two substrates are bonded and SmartCut is used to remove 

the (100) substrate, leaving a thin (100) silicon layer on oxide with a (110) “handle” wafer.  

Next, in areas targeted for PMOSFET fabrication, the (100) silicon and insulator layers are 

etched, revealing the (110) substrate, and epitaxy is used to fill the etched areas with (110) 

silicon using the underlying handle wafer as a seed.  The wafer is then polished, leaving 
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areas with single-crystal (110) and (100) oriented surfaces on the same substrate.  This 

approach optimizes the electron and hole mobility simultaneously and improves circuit 

performance. 

 

 

2.3 SOI MOSFETs  

 

Schematics of bulk and SOI CMOS devices are illustrated in Figure 2.1, while a TEM 

image displaying the cross-section of a typical SOI device is shown in Figure 2.2.  Modern 

CMOS manufacturing starts with a single-crystal silicon substrate.  A group of devices in 

standard "bulk" silicon substrates, where transistors are generally placed in common wells, 

often share a common electrical body (or substrate). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.  Schematic diagram of (a) bulk nMOS transistor and (b) SOI nMOS transistor.  

Gate length (LNMOS), junction depth (xj), device layer thickness (tSi), and buried oxide 

thickness (tBOX) are illustrated.  
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Figure 2.2.  Image of SOI transistor obtained via TEM cross-section.  Features of the 

transistor are indicated on the image.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.  Schematic diagram of bulk CMOS transistors.  
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node.  All NMOS transistors are located in p-wells, while all PMOS transistors are located 

in n-wells. Individual MOSFET source and drain nodes are isolated using a dielectric 

material (often SiO2) placed between adjacent devices, such as trench isolation or LOCOS.  

A schematic of typical bulk NMOS and PMOS devices is shown in Figure 2.3. 

SOI process technology also uses trench isolation or LOCOS to separate individual 

devices.  A key characteristic of SOI is that this dielectric isolation extends down to and 

joins the SiO2 buried oxide, creating islands of device silicon fully surrounded by silicon 

dioxide.  The result is that SOI devices are fully physically and electrically isolated from 

adjacent devices by the insulating oxide layer.   A schematic of a SOI NMOS and PMOS 

transistor is shown in Figure 2.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4.  Schematic diagram of SOI CMOS transistors 
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characteristics of the partially-depleted SOI MOSFETS are compared to standard bulk 

MOSFETs.  The choice of partially-depleted SOI and fully-depleted SOI is then 

considered. 

 

2.3.1  Partially-Depleted SOI vs. Bulk Silicon 

Partially-depleted SOI and bulk silicon MOSFETs are shown in Figures 2.3 and 2.4.  

The buried oxide shown in Figure 2.4 is chiefly responsible for the performance advantages 

of SOI.  The source and drain capacitance of a MOSFET is comprised of sidewall and area 

components.  The area portion of the capacitance, resulting from the source/body (CJBS) 

and drain/body (CJBD) junctions, is greatly reduced when the source/drain implants lie 

directly atop the buried oxide layer.  Capacitance at the source and drain junctions is 

therefore reduced due to the lower dielectric constant of silicon dioxide (3.9 vs. 11.7 for 

silicon).  Even if the source/drain junctions do not extend all the way down to the 

underlying oxide, much of the depletion layer will still lie in the oxide layer and will thus 

contribute to a reduction in parasitics related to the junction capacitance.  During switching, 

the charging and discharging of internal nodes occurs much faster for a given device 

current if capacitance at these nodes is lower.  This effect provides SOI with faster rise/fall 

times and therefore higher performance vs. standard bulk silicon.  The benefits of SOI for 

circuit performance will be discussed in Chapter 2. 

Floating body effects can be a concern.  In partially-depleted SOI (PD-SOI) 

MOSFETs, the device depletion region is fully contained within the silicon layer from 

inversion through accumulation.  Therefore, there always exists a region of the silicon 

device layer that is not depleted.  This portion is commonly referred to as the “floating 

body”, and is responsible for one key difference between bulk and SOI devices: floating 

body effects.  In bulk silicon, the device body nodes are contained within wells – devices in 

a common well share a common body contact, which is tied to a fixed body voltage.  The 

common wells extend below the trench isolation separating adjacent devices and can 

enclose and conjoin many devices.  Design rules dictate appropriate diffusion and well 

exclusions and minimum well contact spacings, and these rules exist to prevent latchup, 

Latchup occurs in CMOS devices when the NPN and PNP bipolar transistors - formed by 
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CMOS source / drain / well diffusion regions - turn ON, and current rises to destructive 

levels due to feedback between the two bipolars.  In PD-SOI, the combination of trench 

isolation and the buried oxide layer provides complete isolation for NMOS/PMOS devices, 

eliminates the possibility of latchup, and enables much more aggressive well/diffusion 

design rules.  However, if the bodies of individual devices are not expressly tied to a 

voltage source and are left “floating”, this can give rise to floating body effects.  Here, the 

body voltage can rise and fall as a function of source, drain, and gate voltage.  This can  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.  Schematic diagram of (a) bulk nMOS transistor and (b) SOI nMOS transistor 

with path of impinging energetic particle illustrated 
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modulate the MOSFET I-V characteristics, causing significant performance shifts in analog 

and digital circuits, as discuss in Chapter 2.  While floating body effects can be exploited 

for the sake of performance, circuit designers often try to avoid or reduce the impact of 

floating body effects to prevent leakage and improve device model accuracy. 

Partially-depleted SOI also provides radiation hardness.  Radiation hardness refers 

to the ability of an electronic device to withstand high-energy particles that could upset 

operation.  These energetic particles occur in the environment (sometimes from packaging 

materials or nearby sources, but also from outer space), and are a particular problem for 

space-borne electronics such as those found in satellites and space vehicles.  The specific 

problem for bulk silicon devices occurs when an energetic particle hits the part and enters 

the substrate, as illustrated in Figure 2.5. 

Along the path of the particle, numerous electron-hole pairs are generated as the 

particle ionizes silicon atoms.  For high-energy particles, the path length through the 

substrate can be long and a substantial amount of charge can be generated.  It has been 

shown that a single energetic particle can produce enough charge to charge/discharge one 

or several internal device nodes, often leading to single- or multi-bit errors in memories and 

state changes in logic devices.  SOI offers superior radiation hardness due to the buried 

oxide layer.  This layer isolates the device layer from the remainder of the substrate, and 

therefore effectively reduces the volume of silicon that can ionized and contribute charge.  

Silicon atoms ionized below the buried oxide cannot reach the device layer and upset the 

circuits in that region.  This effect is illustrated in Figure 2.5.  This property of SOI makes 

it very attractive for space applications, and indeed sparked the initial interest in SOI 

technology.  A discussion of radiation-hard circuits can be found in Chapter 2. 

Another key difference between devices fabricated in bulk substrates and those 

fabricated using PD-SOI technology is the presence on an independent body contact.  In 

standard bulk CMOS, NMOS and PMOS devices are located in common p-wells and n-

wells, respectively.  The potential on these wells is often fixed at the rail voltages 

(VPW=VSS, VNW=VDD).  Fixing the potential of the wells accomplishes several goals.  First 

and foremost, the use of common well biases, distributed in such a way as to avoid a 

resistive drop, helps prevent latch-up.  Second, the use of a fixed well bias allows for a 
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fixed VBS and therefore fixed V across the chip.  Finally, fixing the well biases to the rail 

voltages is efficient from an area standpoint.  Since the well contact is shared between all 

devices in a well, the contact can be placed in the most convenient location, often beneath 

the voltage rails.  Unlike bulk devices, SOI devices are fabricated in individual “islands’ of 

silicon and therefore adjacent devices are NOT located in common wells.  Each device has 

an independent body potential.  This factor makes SOI device layout more complicated - to 

fix the body potential of each device, at least one body contact per device is required since 

the body bias is not distributed through a common well.  This large number of extra 

contacts consumes valuable chip area.  The lack of a common well contact forces the 

circuit designer to explicitly account for the body voltage on each transistor OR anticipate 

floating body effects.  The complete physical and electrical isolation offered by SOI 

inherently prevents latch-up and shrinks well-to-well and diffusion-to-well design rules, 

recovering some of the chip area lost to body contacts.  Although the extra contacts 

required by PD-SOI consume extra area, they may offer additional functionality.  For 

example, a discrete bias can be applied to a given transistor without biasing an entire well.  

Varying VBS (body-to-source potential) by changing VB will shift the transistor VT 

(threshold voltage) as: 

 

The magnitude of the VTH shift is proportional to VBS.  A reverse bias (negative 

VBS) shifts the magnitude of VTH larger, making the MOSFET turn on at a higher VGS.  A 

forward bias (positive VBS) shifts the magnitude of VT larger, making the MOSFET turn 

ON at a lower VGS.  The use of the effect in several circuit applications is discussed in 

Chapters 2 and 3. 

 

2.3.2 Partially-Depleted SOI vs. Fully-Depleted SOI  

Partially-depleted (PD-SOI) and fully-depleted (FD-SOI) devices are illustrated in 

Figure 2.6.  In fully-depleted SOI, the silicon device layer is thin enough such that the 

depletion layer created during inversion - while turning the MOSFET from the OFF state to 

the ON state – extends throughout the entire thickness of the silicon device layer and into 
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the buried oxide layer.  This gives rise to several interesting effects.  First, the floating body 

effects that exist with PD-SOI are not present since the entire body of the device is 

depleted.  This is significant since the designer no longer needs to account for the floating 

body and its resultant electrical impact (for example, junction leakage, variations in device 

VT, due to the floating body, etc.)  Body contacts are not required, which reduces layout 

area.  The device short-channel results also improve, making MOSFET scaling easier (the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6.  Schematic diagrams of  (a) bulk nMOS transistor,  (b) partially-depleted SOI 

nMOS transistor, and  (c) fully-depleted SOI nMOS transistor. The depletion region 

formed during transistor operation is indicated. 
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improved short channel results are due mainly to the thinner device layer itself, which also 

increases source/drain resistance dramatically).  In contrast, PD-SOI offers a thicker device 

silicon layer with the MOSFET depletion region is fully contained within this layer from 

inversion through accumulation.  The thicker device layer improves the source/drain 

resistance substantially.  While FD-SOI requires special process modifications, the 

fabrication processes required for PD-SOI is very similar to the standard bulk silicon 

process, making PD-SOI more “manufacturable” and easing design transfer from bulk to 

PD-SOI.  Moreover, although PD-SOI forces the designer to account for the transistor body 

and employ body contacts, it does offer more control over the device characteristics vs. 

FD-SOI. 

 

 

 

2.4 Circuit Application Areas 
 

 

2.4.1 SOI Analog Circuits 

SOI offers advantages and challenges to the analog designer.  The main benefits 

include reduced capacitance (and therefore improvement in MOSFET current drive and 

performance) and the elimination of latchup.  Analog-specific improvements include 

reduced noise through reduced substrate coupling, improved resistor linearity (since 

resistors are not reverse diode-connected to the substrate), and improved inductor Q when 

high-resistivity substrates are used [7].  Indeed, the promise of enhanced passive 

component performance has motivated acceptance of SOI technology by the analog design 

community.  Challenges include handling floating body effects, specifically the “kink” 

effect which can introduce substantial noise problems.  The strategic use of body ties can 

reduce or eliminate these effects, but even with body ties the effects must be considered at 

RF frequencies.  Also, the buried oxide layer comprised of silicon dioxide is a poor thermal 

conductor compared to bulk silicon, and therefore self-heating can be problematic.  Device 

matching can also be problematic, especially for fully-depleted SOI, since variations in 

physical parameters such as device layer thickness cause mismatches in key electrical 
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parametrics such as VT and IDS.  Most analog SOI research projects focus on exploring 

ways to offset these problems while exploiting the SOI performance advantages.   

Floating body effects are a challenge for SOI analog circuit designers, especially 

when using PD-SOI technology [8].  The most noteworthy of these, the kink effect, occurs 

when the floating body of the transistor charges up as the transistor is turned ON, forcing 

the parasitic bipolar transistor formed by the source, body, and drain (here, the collector, 

base, and emitter) into the ON state – the impact of the kink effect on output drain current 

is illustrated in Figure 2.7.   

 

 

 

 

Figure 2.7.  Impact of kink effect on (a) SOI MOSFET drain current and (b) drain 

conductance vs. drain voltage [9] 
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SOI.  High temperature operation makes the kink effect more pronounced, and low-

frequency noise is also impacted by the temperature dependence of the source/body 

junction [10].  The MOSFET subthreshold slope degrades at high temperature while the 
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kink effects remain constant.  The result is that, as temperature increases, the kink effect on 

GDS shifts to lower values of VDS.  Examining the impact of floating-body effects on RF 

performance, Imam et al. and Rozeau et al. measured the s-parameters of PD-SOI 

MOSFETs, and it was found that floating body effects depend on frequency [11,12].  The 

authors found that the body potential can be defined with an RC network, both shown in 

Figure 2.8, consisting of FET junction capacitance, depletion capacitance, and bias 

conditions.  In the kink region, VBS (or, VBE of the parasitic bipolar) is forward-biased and 

has associated diode resistance.  At high frequencies, these parameters fix the value of the 

body voltage VB, and only the kink effect has an impact on RF behavior [12]. 

 

 

 

 

 

Figure 2.8.  Illustration of RC Network defining body potential [13] 

 

 

 

Several techniques can be employed to reduce the impact of floating body effects.  The use 

of a body tie can help, but a resistive body tie can cause undesirable variations in gain vs. 

output voltage, as shown in Figure 2.9 [12].   
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Figure 2.9.  Impact of varying body tie resistance on gain [12] 
 

 

 

Body-source-tied SOI will reduce low-frequency noise, but care must be taken to 

ensure that the contact structure offers low resistance (to prevent gain degradation and 

minimize impact on CGS).  Another option is to design around the kink effect.  For 

example, careful design with a cascode circuit as shown in Figure 2.10 can prevent 

operation in the kink region [13] and thus bypass kink-induced issues with output 

conductance, gain, and noise.  
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Figure 2.10.  Avoiding kink effects using cascode configuration with proper bias [12] 

 

 

The fabrication process used to fabricate SOI circuits also offers options.  The physical 

design of device structures influences electrical characteristics, and optimization of the SOI 

device structure, including the polysilicon gate and silicon active layers as well as the 

implant profiles, is an area of strong interest.  For example, the use of a narrow finger 

width can partially suppress the parasitic BJT.  Recent work by Chen et al. [14] investigates 

the three most common device layout styles: the “three-terminal”, “T-gate”, and “H-gate”.   

These structures are illustrated in Figure 2.11.  The H-gate design offered the best PD-SOI 

performance.  Lo et al. also found that the H-gate design provides superior performance, 

including higher drive current and larger body-effect factor (i.e. larger VT shift vs. 

VBS)[15].   
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Figure 2.11.  Common MOSFET layout styles – “H-gate”, “T-gate”, and 3-terminal (floating 

body) [14]  

 

 

In addition to the gate layout, the choice of SOI body contact design also has an 

impact [16].  A hybrid trench isolation scheme developed by Maeda et al. implemented on 

high resistivity substrates targets RF/analog applications.  The technology uses standard 

trench isolation plus “partial” trenches, which keep a thin layer of silicon beneath the 

shallow trenches.   This enables common body contacts in devices sharing a partial-trench 

region while retaining excellent passive device characteristics in the full trench region; it 

also improves fMAX and noise figure of the MOSFETs while increasing the inductor Q vs. 

similar bulk devices.  The “partial” body also suppresses the body effect, providing better 

stability and linearity [17].  Similarly, Kilchytska et al. investigates the influence of 

common process options on analog/RF performance.  The key device metrics in this study 

are transconductance and Early voltage for analog performance, and gain / frequency 

response for RF performance.  It was found that FD-SOI was superior to PD-SOI and bulk 

technologies, offering higher transconductance and current [18].  Moreover, transistor 
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design features added to facilitate gate length scaling, such as halo implants, can have a 

negative impact on performance which must be considered when mixing analog/digital/RF 

circuits on the same process.  The study finds that, although PD-SOI MOSFETs must 

employ body contacts at low frequencies to avoid floating body effects in weak and strong 

inversion, at RF frequencies the floating body effects vanish and body contacts can actually 

degrade performance. 

Approaches first used in digital circuits, such as body-biasing to achieve enhanced 

low-voltage performance, are finding use in analog circuits as well.  For low-power, low-

VDD analog circuits, analog performance may be enhanced with a forward-biased VBS.  

Babcock et al. observe reduced short channel effects and a flattened VT vs. L curve [19] for 

PD-SOI devices with forward-biased VBS.  The flatter VT vs. L curve provides improved 

device matching, especially for short channel lengths, and this is especially important for 

analog circuits.  Alternatively, reverse-biased VBS can shift the operation from partially-

depleted to fully-depleted and degrade the ability to match devices, and the relationship 

between full-depletion and reverse-bias VBS is strongly channel length dependent [19].  VBS 

bias also impacts gm and Ro and therefore gain.  It has been shown that substrate bias 

degrades gm but increases Ro more substantially, thus increasing gain. 

Body-driven analog circuits are another interesting area of research.  In one design 

by Terry et al., the body nodes of PD-SOI transistors serve as the inputs to a cascode 

current mirror [20], as shown in Figure 2.12.   
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Figure 2.12.  Body driven cascode current mirror [20] 
 

 

 

For body-driven operation, the transistor VGS is biased using the gate such that small values 

of VBS can be used to modulate the drain current.  This technique enables rail-to-rail 

operation for VDD < |VT,NMOS| + | VT,PMOS |,   and was previously used in the design of a 1V 

op-amp [21].  The same group has produced a new device, the “G
4
-FET”, which combines 

a JFET and MOSFET into a single FET channel with interesting I-V and breakdown 

characteristics, as described by Blalock et al. [22]. 

 

 

2.4.2 SOI Digital Circuits 

The physical mechanisms that provide challenges and opportunities to the SOI 

analog circuit designer are also present in digital circuits, but their impact on circuit 

performance is different.  For example, MOSFET floating body effects remain, but when 

the transistor is used as part of a logic gate the floating body may cause history effects 

(described below).  Also, the motivating factors for adopting SOI technology are different.  
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SOI offers better performance for static logic, and its reduced junction capacitance enables 

the use of smaller devices to achieve the same drive current [23].  In terms of fully-depleted 

vs. partially-depleted, IBM cites ease of manufacturing, better control of short-channel 

effects, larger window for device threshold voltage, ease of ESD protection and lower self-

heating as the chief advantages of PD-SOI over FD-SOI [24, 25]. 

For their applications, IBM found that floating body effects had to be reduced in 

order to achieve reasonable device OFF currents [24,25].  This was accomplished by 

suppressing the gain of the parasitic bipolar transistors created by the floating transistor 

body.  Floating body nodes are charged through capacitive coupling of source, drain, and 

gate nodes and by impact ionization and junction leakage current.  The change in body 

potential VBS leads to threshold voltage variation and parasitic bipolar turn-on.  A shift in 

VT causes individual MOSFET drive current to vary, leading to history effects in SOI.  The 

term “history effects” refers to device/gate parameters (such as gate delay) that vary based 

upon the previous value of internal nodes.  For example, charging or discharging internal 

nodes through a given MOSFET will take longer if the VT of the device is higher due to a 

charged body.  History effects may limit performance and can make worst-case simulation 

of delays and rise/fall times difficult.  In dynamic circuits, these effects can cause pass gate 

leakage.  This leakage reduces noise margin and may cause errors when the leakage is high 

enough to improperly charge or discharge internal nodes.   

Other effects are more specific.  Circuits providing protection from electrostatic 

discharge (ESD) are of special interest because these circuits often use vertical diodes.  

Fabrication of vertical diodes is more challenging to construct in SOI, and new SOI-

friendly solutions are required.  The reduced junction capacitance of SOI also presents a 

new design challenge.  The coupling capacitance at power and ground nodes is often large 

to reduce ground bounce.  The lower capacitance of SOI thus requires more area to achieve 

the same amount of coupling capacitance, and SOI designs may require compensation 

elsewhere in the circuit.    Self-heating may also be present.  While SOI offers improved 

high temperature performance, the silicon dioxide buried layer forming the SOI structure 

does not conduct temperature as efficiently as bulk silicon.  For high-frequency, high-

performance circuits prone to self-heating, special care must be taken to account for poor 
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heat conduction to the substrate.  All of these characteristics of SOI require extra attention 

from the designer. 

2.4.2.1   SOI Digital Circuits: Low Power 

Low-power design is a broad area of research.  The topic has been covered in 

several books [26,27,28,29], and low-power techniques have been implemented at the 

architecture, circuit, gate, and device levels.  In this work, we are especially interested in 

low-power circuits developed using SOI technology.  Chuang compared FD-SOI and PD-

SOI in low-power and high performance applications [30].  They found that FD-SOI 

substrate technology reduces the floating-body effect but substantially increases the 

source/drain resistance.  The manufacturing process required to use FD-SOI is less 

compatible with conventional bulk CMOS compared to PD-SOI, and the enhanced process 

sensitivity of FD-SOI makes manufacturing and scaling devices problematic, especially 

MOSFET VT is pushed lower gate oxides grow thinner.  In contrast, PD-SOI offers 

improved source/drain resistance and better range and control of VT since the thicker 

silicon layer allows the use of advanced doping profiles for VT control [30].  For low power 

circuits, reducing power consumption and manufacturing cost are critical, with less 

emphasis on performance and scalability.  Reducing the circuit operating frequency allows 

easier implementation of various low power solutions.  Driving to a lower supply voltage 

offers reduced parasitic effects and therefore better reliability, while easing area constraints 

enables the designer to expand use of strategic body contacts.  Specifically considering PD-

SOI, the parasitic bipolar effect is often observed when, for a transistor in the OFF state 

with high source/drain voltages, the body node is pulled high and the drain pulled down, 

perhaps during switching of internal nodes.  In low-power circuits, choosing a lower VDD 

reduces susceptibility to bipolar effects since the base-emitter junction of the BJT is less 

likely to be forward-biased. 

Optimizing power consumption is of interest to academic and industrial research 

groups.  Many key applications, such as battery-powered portable, medical, and space 

electronics, focus on minimizing power.  Other applications can explore the trade-off 

between performance and power consumption.  Determining the appropriate way to 
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measure and analyze power consumption is critical, and SOI circuits differ from bulk 

circuits in several ways. 

First, defining power consumption is important.  Pedram and Wu provide an 

overview of static vs. dynamic voltage scaling and discuss the tradeoffs between energy 

dissipation and delay [31]. After comparing several common metrics – energy-delay, 

power, energy, delay – the authors chooses energy-delay product (EDP) as the appropriate 

metric.  A detailed investigation of voltage scaling as a means to reduce power 

consumption by Horowitz also found EDP to be the appropriate figure of merit [32].  

Alternatively, Abou-Samra and Guyot compared energy-per-operation (EPO) to EDP, and 

determined that EPO is most appropriate for battery-powered applications [33].  The 

authors found that minimizing EPO requires the use of complex cells while minimizing 

EDP leads to use of smaller cells.  The authors also note that, compared to standard bulk 

technology, SOI favors more complex designs due to its reduced junction capacitance and 

faster switching of series transistors.  Chandrakasan et al determined that techniques for 

low-power operation often use the lowest possible VDD coupled with architectural, logic 

style, circuit and technology optimizations [34].  The best results are seen for circuit 

architecture optimization, and often die area is willingly traded for improvements in power 

consumption.  In terms of logic style, the authors found that pass-gate logic with modified 

VT works best for low-power design because it requires the fewest number of minimum 

size transistors for implementation. 

Circuits operating in the MOSFET subthreshold region (i.e., VDD<VGS-VT) have 

been proposed for lowest possible power consumption in cases where power is prioritized 

over performance.  An extension of this approach with improved switching performance is 

subthreshold dynamic-threshold MOS (DTMOS), proposed by Soeleman et al [35].  Here, 

VDD is chosen to operate in the subthreshold region while circuit performance is sustained 

by increasing drive current with a dynamic VT.  The proposed logic is stable over 

temperature and process corners without additional circuitry.  Jin et al. considers the 

specific case of body-tied-to-gate DTMOS on SOI and finds this topology offers high 

performance at low voltage but excessive power dissipation above 0.6-0.7V VDD [36].  

Splain and O achieved higher performance and functionality at an extremely low VDD on 
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bulk substrates by forward biasing the body/source junction (VBS) to reduce MOSFET VT 

using a resistive network [37].   Finally, Adriaensen et al. found that PD-SOI allows the use 

of circuit topologies that would be typically avoided in bulk implementation due to leakage 

[38].  For example, the authors developed a voltage reference architecture with near-

intrinsic NMOS & PMOS channel doping that functions at low VDD with extremely small 

area; they note the same configuration manufactured in a bulk process would produce 

excessive leakage and wouldn’t be viable.   

Alternate low-power strategies include minimizing switching activity and/or 

reducing voltage swing.  C. Kim et al. developed a low-swing flip-flop to reduce power 

consumption [39].  This design avoids unnecessary transitions and uses low VT transistors 

at clock inputs without significant leakage problems.  A similar approach described in 

Kawaguchi et al uses a reduced clock swing and further evaluates optimizing power 

consumption [40].  Finally, S. Kim et al. found that long-term dynamic power dissipation 

can be realized by clock-gating and power-gating, with savings of 80% and 25% [41]. 

Another approach uses “header” or “footer” devices placed between logic and the 

supply rails to effectively reduce local VDD and act as a power-interrupt switch.   

Kosonocky et al. examined leakage and delay as a function of the header/footer transistor 

size vs. logic area and found that a variable well bias could improve performace and reduce 

leakage vs. a conventional multiple-VT technology.  They also investigated the impact of 

critical transistor parametrics, such as VT and body contact, in terms of how these 

characteristics impact the ability of the header/footer to transition from sleep to ON mode  

[42].   

It is noteworthy that many of the aforementioned approaches rely upon the use of 

(and assume the availability of) a complex multiple VT process, where the designer has a 

choice of two or, for the case of advanced processes, three or more different NMOS/PMOS 

threshold voltages available.   
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2.4.2.2 SOI Digital Circuits: Pass Transistor Logic 

As mentioned above, minimum power can often be achieved using pass-transistor-

based logic.  The chief concern regarding the use of pass transistor logic with SOI are 

history effects that arise from charging of the floating body, as discussed above.  The 

effects tend to be even stronger in pass transistor logic.   History effects cause variations in 

timing and make re-use of existing bulk designs difficult.  They can also induce mismatch 

in transfer characteristics causing speed degradation or functional failure.  One solution is 

discharging the body dynamically, as needed, to reduce or eliminate history effects.  A 

dynamic body discharge technique retains low VT of floating body while alleviating initial-

cycle bipolar currents [43]. 

For low-power, high-speed logic design, CPL (complementary pass logic) and DPL 

(double pass logic) are alternatives to static CMOS design.  Examples of logic gates 

implemented using DPL are shown in Figure 2.13.  These topologies can often implement 

logic using fewer transistors and with lower power consumption vs. static logic.  P. Y .K. 

Cheung et al. compares the two logic styles, and concludes that, while both are viable, DPL 

offers speed advantages and ease of logic mapping and optimization compared to CPL 

[44].  Zimmerman et al acknowledges that while other groups have shown CPL to be more 

efficient than CMOS in full adder circuits, other types of circuits perform better in a full 

CMOS implementation [45].   
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Figure 2.13.  DPL/CPL Logic Styles [45] 
 

 

The conventional pass gate approach is further improved at low VDD by using a 

device with a dynamic threshold voltage.  The asymmetric dynamic threshold pass-

transistor (ADTPT) approach described by Wang et al. offers an asymmetrical dynamic 

body bias [46].  Here, the body voltage is switched using an auxiliary transistor to pull the 

NMOS pass-gate VT lower when passing a logic-1 value – this allows VOUT of the pass gate 

to rise higher and faster than a conventional pass-gate configuration.  A similar but 

symmetrical dynamic-threshold pass-transistor approach was proposed by Lindert et al. 

[47] 

 

2.4.2.3  SOI Digital Circuits: Memory  

The key performance metric for high-density memories is delay, and most 

components of delay scale with circuit area. To minimize delay, high-performance 

memories have a compact (minimum-area) bitcell layout.  Use of a compact bitcell reduces 
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both the length of bitlines and wordlines and the capacitive load at critical nodes.  Supply 

voltage scaling for next-generation process technologies also introduces new challenges.  

Noda et al. notes that since the ability to control threshold voltage mismatch has not 

improved with VDD and VT scaling, the signal swings on the bitline and data lines don’t 

scale, leading to an increase in worst-case gate delay [48,49].   

Specifically considering static RAM (SRAM) design and scaling, issues include 

achieving adequate cell stability / static noise margin, maximizing drive current through the 

bitlines and bitcells, minimizing cell size to reduce chip area, optimizing features related to 

manufacturability to enable high die yield, and enabling the use of minimum VDD for 

process compatibility and to minimize power consumption [50]. 

SOI is attractive to memory designers because it enables minimization of junction 

capacitance and the opportunity to further reduce bitcell layout area through more 

aggressive design rules.  Both Dynamic RAM (DRAM) and Static RAM (SRAM) designs 

have been manufactured using PD-SOI technology.  Goldman et al. fabricated a DRAM in 

PD-SOI technology with a “dynamic threshold” (DTMOS) configuration rather than a 

grounded-body or floating-body MOSFETs [51].  This design achieves kink-free behavior 

at low VDD using the DTMOS device, with gate tied to body, is used instead of floating 

body devices.  A variety of device design techniques, including complex body implants 

were used to suppress the bipolar effects, also help with short channel effects.  Morimura et 

al. found that PD-SOI offers 5-20% performance enhancement and 5-10% improvement in 

soft error rate.  Floating body effects impact array performance (specifics) and body 

contacts (tied to the supplies) were used to reduce the resulting variability in delays [52]. 

Threshold voltage scaling in SRAMs is a complex issue.  The SRAM bitlines are 

charged to write data to the cell, and are connected to sense amps to read data from the 

cells.  Each bitline is connected to hundreds or thousands of transfer NMOS transistors and 

leakage current on the bitlines can be a large portion of the total leakage in the SRAM 

circuit. Bitline leakage worsens as the transfer gate VT decreases, and the leakage is 

partially dependent on the data present on the bitline.  It is noteworthy that, for low VT, the 

bitline leakage rises much faster than the cell current rises [53].  In the particular case of 

static RAM, the floating body effect can cause bitline capacitance disparity, leakage during 
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read operation, “half-selected” cell disturbs during write, and a VT mismatch in the sense 

amplifier transistors.  All of these can cause circuit failure.  A hysteretic threshold voltage 

can result in long time constants for body charging/discharging through impact ionization 

and junction leakage current, body voltage drift which causes frequency dependent delay 

along a logic chain, varying pulse width at critical nodes [24,25,30].  In general, when 

scaling SRAM VT, the array generally retains high VT FETs while the peripheral circuitry 

uses low VT FETs.  The array FETs are designed with a high VT to reduce standby leakage 

current.  The tradeoff between power and performance (here, cell current / delay vs. 

leakage) is a strong function of array VT. [54, 55]. 

Other techniques used to achieve low-power operation include multi-threshold 

CMOS (the designer can choose from nMOS and pMOS transistors with several different 

values of VT [56]), the use of independent array and periphery VDD to locally optimize the 

power/performance tradeoff, low-swing or half-swing logic to reduce dynamic power 

consumption, and a boosted supply voltage (VDD is increased only when drive current must 

be high) [57].  Low-VDD designs also use tunable timing generation to adapt performance 

over voltage, with improved gate delay as VDD approaches VT [58].  Layout techniques can 

even be used to optimize electrical characteristics, improve static noise margin, and reduce 

cell current mismatch [59]. 

Finally, to achieve reduced cell area, Noda et al. have proposed the four transistor 

SRAM bitcell.  This technology omits the load PMOSFETs from the bitcell and replaces 

the access NMOSFETs with PMOS transistors, thus using four transistors vs. the standard 

six.  Access and drive transistors are tuned such that their inherent device leakage is used to 

retain a “high” value at the storage node.  The resultant bitcell is more compact, reducing 

cell area and circuit performance [60]. 

 

 

2.4.2.4  SOI Digital Circuits: Use of a Direct MOSFET Body Bias 

Directly biasing the MOSFET substrate node as a means to achieve 

power/performance goals has been proposed in literature.  For MOSFETs manufactured in 

bulk silicon, this requires biasing the common well contacts typically tied to the supply 

rails.  Chen et al. examined shifting VT to a lower value using a forward biased VBS and 
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found that inverters can operate at a lower VDD with VBS > 0 vs. the conventional source-

tied configuration (VBS = 0).  The authors specifically considered MOSFETs manufactured 

in bulk silicon, and propose a bias switching scheme to control subthreshold leakage by 

switching the transistor VBS between forward and reverse bias during ON and OFF states, 

respectively [61].   Similarly, Tschanz et al. propose an “adaptive body bias” to compensate 

for within-die variations in electrical parameters on a bulk CMOS test chip [62].  They 

found that the body bias could be used to force marginal parts with high leakage or low 

performance back into spec. 

In high-performance applications, the use of a forward-biased VBS was not as 

effective; however it was found to be useful for applications with fixed speed targets.  The 

use of a forward-biased VBS helps sustain a reasonably low VT / VDD target as VDD is scaled 

lower.  The use of a forward-biased VBS also reduces the depletion region, so VT has a 

stronger dependence on VBS equations here.  The authors note that at 1.5V VDD, a sample 

ring oscillator operates 30% faster with forward bias, even though individual device 

capacitance is larger by 10% due to biasing [66].  At lower VDD, an even greater 

improvement is observed - 45% increase at VDD=1.2V and 150% increase at VDD=0.8V – 

this demonstrates that the use of forward biases VBS can strategically used to minimize 

VDD, and that the performance gains outweighs any increase in capacitance/leakage.  

Miyazaki et al. demonstrate that substrate bias can effectively be used to compensate for 

process-related non-uniformity and voltage supply variations.  Miyazaki calls the concept 

“speed-adaptive threshold-voltage” (SAVT).  Here, a circuit modulates the substrate bias to 

fix the speed on a delay line during operation, and also increases VT during standby mode 

[63].   

Kwack et al. examines the use of a substrate bias specifically for DRAM circuits to 

[64].  Here, a group of designs are presented to generate the biasing required for VBS 

modulation specifically for memory applications.  Casu et al. compare a variety of circuits 

that can be used for bias generation, several of which are appropriate for creating a 

substrate bias on SOI [65], including some with an external ENABLE line that would allow 

the user to selectively apply the biasing vs. time.  Huang et al. notes that the ability of a 

reverse-biased VBS to modulate threshold voltage is degraded at low VT and by the short-
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channel effect and band-to-band tunneling.  The advantage of forward bias is preserved 

with high initial VT values and smaller depletion width [66] – this is noteworthy since it is 

applicable to the Honeywell MOI5 technology used in this project.   

 

2.5 Radiation-Hard SOI Circuits 

 

The effect of incident radiation on circuit performance is well understood but 

difficult to avoid with bulk silicon technology.  Energetic particles striking a device can 

travel deep into the substrate, generating electron-hole pairs along the length of their path.  

This generated charge can migrate to internal nodes, change the stored value at these nodes, 

and allow these errors to propagate to circuit outputs.  These errors are known as “soft” 

errors or “SEUs” (Soft-Error Upsets).  The generated charge can also induce destructive 

latch-up and shift individual device threshold voltages.  SOI substrates, with the thin silicon 

device layer electrically isolated from the bulk substrate, offer some protection from 

radiation-induced soft errors and latch-up, but other degradation mechanisms, such as the 

threshold voltage shift, remain a concern.  Active research has focused on designing SOI 

circuits that can withstand radiation-induced bias-dependent VT shifts while also 

accounting for the floating-body effects of PD-SOI. 

One recent work examined a delta-sigma modulator test circuit [67] and proposed a set of 

solutions for handling radiation and floating body effects, the most critical of these being 

robust bias circuitry.  Other research has focused on avoiding or mitigating the electrical 

impact of radiation.  Process and design techniques such as the use of trench isolation vs. 

LOCOS, the use of edgeless transistors vs. conventional transistors, and avoiding field-

oxide inversion provides superior radiation hardness [68].  Using this group of techniques, 

a logic cell library was created and the “penalty” for radiation hardness is approximately a 

single generation in terms of area and performance [68].  Sample layouts of conventional 

and modified cells are shown in Figure 2.14.  

 

 

 



 39 

 

 

Figure 2.14.  Layout for radiation hardness (a) conventional layout, (b) layout optimized for  

radiation hardness, and (c) conventional layout  of one previous generation, illustrating  

“cost” of radiation-hardness via layout [68] 

 

 

 

2.6 High Temperature SOI 

High temperatures degrade MOSFET characteristics and pose a special challenge 

when designing for space, sensor, and other applications operating in harsh environments.  

Compared to bulk silicon, SOI substrate technology offers superior device characteristics 

as operating temperature increases [69].  In silicon, the intrinsic carrier concentration (ni) 
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increases with temperature.  Drain leakage current ILEAK (defined as drain current IDS at 

VGS<VT) increases as ni rises since the dominant leakage mechanism at high temperatures 

is carrier diffusion in the region surrounding the drain junction.  For bulk devices, ILEAK 

increases as ni
2
.  For PD- SOI devices, ILEAK increases as ni

x
, where 1  x  2 [69].  FD- 

SOI, which has an extremely thin silicon device layer, displays ILEAK proportional to ni due 

to generation/recombination.  Consequently, at high temperatures, SOI circuits dissipate 

significantly less static power.  SOI also outperforms GaAs technology due to the higher 

gate leakage observed in GaAs devices. 

Other SOI device parameters also improve with temperature vs. bulk device.  For 

example, gate-to-source capacitance CGS was measured vs. temperature, and a dramatic 

increase in CGS was observed at 400°C.  The lack of common device wells in SOI 

technology eliminates well leakage, which can be substantial at high temperatures.  In 

general, shifts in device characteristics ultimately limit circuit performance, especially for 

low VDD.  For example, a recent effort examined how temperature and associated shifts in 

MOSFET ION/IOFF ratio and threshold voltage impacts circuit noise margins, and 

investigates ways to compensate for these effects [70]. 

Accurate in-situ measurement of chip temperature is an important part of the 

compensation process and can be accomplished using a variety of techniques.  

Development of highly accurate thermal sensors is an active area of research and several 

groups are focused on building circuits that provide linear current vs. temperature and 

frequency vs. temperature characteristics.  The most conventional method to measure 

temperature, based on the measurement of diode VT, has limited use since the diode VT 

cannot be measured during operation due to noise [71].  An alternative uses a ring 

oscillator-based circuit as a temperature sensor, with a square wave output signal frequency 

fOUT that decreases with temperature [72] - this technique offers improved noise immunity.  

Another alternative recognizes that transistors have a zero-temperature-coefficient (ZTC) 

bias point whereby the VGS of the transistor (when diode connected and properly biased by 

current source) is linear with temperature with a slope related to its bias point.  The output 

VGS can therefore be measured and used as a sensor [73]. 
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Low-power voltage references are especially challenging circuits for high-

temperature operation.  Several groups have focused on the development of low-voltage, 

low-power PTAT (proportional to absolute temperature) circuits used for biasing 

[74,75,76,77].  In most cases, VDD is pushed low to reduce power.   

Several other circuit techniques have been proposed to enable stable operation over 

a wide temperature range.  One method involves varying the bias to an RC delay chain, 

effectively varying its VDD, to achieve constant delay through the chain over temperature.  

This voltage-controlled oscillator, which achieves a very flat frequency response across 

temperature, drives a pumping circuit to create a temperature-controlled back bias 

generator.  This back biasing scheme is used to prevent latchup in DRAM circuit [78].   

 

 

2.7 Conclusions  

 

PD-SOI offers the designer an opportunity to use the body node of the transistor as 

a means to achieve power and performance goals.  As mentioned above, several groups 

have used the body node to enable low voltage operation.  Previous work uses either a 

dynamic bias that permits only low voltage operation (for example, DTMOS with a gate-

tied-to-body configuration is functional at VDD=0.5V, but has high leakage at higher 

voltage) or static bias configurations that require numerous individual body contacts that 

consume substantial chip area.  There is an opportunity to explore dynamic biasing 

techniques that offer higher performance without limits on VDD or a large increase in 

device layout area.  This thesis builds upon previous efforts in this area.  The benefits of an 

active body bias are demonstrated for the MOI5 PD-SOI process technology.  A set of 

area-efficient logic gates with dynamic body bias are proposed and analyzed with support 

from electrical test structures.  Also, control of circuit performance given temperature and 

process variations is an active area of research, especially for space applications that must 

withstand extreme environments.  Here, the use of a body bias is explored as a alternative 

means to compensate for variations in temperature and fabrication processes. 
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Chapter 3   Device Characterization  

 

Chapter 2 described the physical construction of SOI substrates and devices, and 

discussed why and how this technology is being used in the semiconductor industry.  Here, 

representative test devices are designed and specific device characteristics are measured 

and analyzed. 

 

 

3.1 SOI Transistor Design 

 

The physical design of SOI transistors is similar to that of bulk transistors with a 

few key differences.  Figure 3.1 shows a basic schematic of a transistor in both plan view 

and cross-sectional views to illustrate the basic components of the device.  The basic 

manufacturing process for such a transistor is listed in Figure 3.2.  The fabrication process 

starts with the creation of “active regions” in the silicon device layer that will ultimately 

contain the source, drain, and body of the transistor.  These active regions are created by 

removal of surrounding device silicon through an etch process which serves to isolate 

individual active regions from each other.  The void in the device layer created by the etch 

process is then filled with silicon dioxide to re-establish a planar surface on the substrate.  

Next, impurities, or “dopants”, are introduced into the active regions via ion implantation 

to achieve the desired level of body dopant concentration.  This dopant concentration is 

carefully chosen since this strongly impacts device characteristics such as threshold voltage 

and junction capacitance.  NMOS devices use p-type body doping (typically boron) while 

PMOS devices use n-type body doping (typically phosphorous or arsenic).  Next, a thin 

film of polycrystalline silicon (polysilicon) is deposited and patterned to form the transistor 

gates, followed by another ion implantation step to form the transistor source and drain 

regions. NMOS devices use n-type source and drain doping, while PMOS devices use p-

type doping.  The source and drain are formed simultaneously during a single implant step, 

and, for SOI devices, the source and drain will often extend through the device layer down  
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Figure 3.1.  Schematics of SOI nMOSFET with source-tied body contact 
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Figure 3.2.  Summary of manufacturing process flow used to fabricate SOI devices 
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to the buried oxide.  The polysilicon gate serves to block the source/drain ion implantation, 

isolating the  source from the drain, and the portion of the transistor beneath the gate is the 

body of the transistor.  Subsequent processing will form contacts to these features and 

metal interconnects.  Thus, four individual nodes of the MOSFET are created: the gate, the 

drain, the source, and the body.  

Beyond the physical construction of the transistor, the key difference between SOI 

and bulk MOSFETs involves the handling of the transistor body node.  In bulk devices, a 

group of NMOS or PMOS transistors typically are placed in a common well.  In this 

configuration, the body of each device is shared among many adjacent devices, and any 

bias placed on the well using an independent well contact is distributed to the body node of 

all devices within the well.   

Sharing body contacts in this fashion uses layout area efficiently, though the 

designer must be careful to use enough contacts to avoid a resistive drop between well 

contacts and device bodies which can lead to latchup.  For SOI devices, the body of each 

device is independent since the underlying oxide layer and source/drain regions effectively 

isolate adjacent transistor body regions from each other.  Therefore, to control transistor 

body voltage though a distributed bias, the body node of each transistor must be contacted 

on an individual basis.  While the danger of latchup is not present, without a well to drain 

charge from the MOSFET, the body voltage can rise up and shift device characteristics.  To 

maintain uniform device characteristics, special attention must be paid to the charge of the 

body.  The charge on the body can be controlled via a body contact, which provides an 

ohmic, low-resistance path to the body node.  In the case of the NMOSFET, this would be 

facilitated by a heavily-doped p+ region contacting the p-body, and there are several ways 

to accomplish this.  A common way is to tie the body to source side of the transistor using a 

heavy P+ implant next to the N+ source – this approach is illustrated in Figure 3.1.  While 

an n+/p+ junction would typically form a diode, a subsequent silicidation step, used to 

reduce the sheet resistance of the gate and active layers, straps the N+ and P+ implant areas 

together and prevents a diode drop between the regions.  Source-tied transistor designs 

often use body-source tie implants are both ends of the transistor channel.  Body tie 

implants at both ends of the channel minimize the longest (and hence most resistive) path 
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from the body contact to any point in the channel and sustain a constant voltage across the 

body.  Implanting both sides of the channel also shifts the transistor channel inward from 

the silicon active edge – moving source-drain conductive paths away from the silicon edge 

prevents transistor edge effects from impacting device performance.  As shown in Figure 

3.1, the width of the transistor is defined as the distance between the source-tie implants on 

each end of the channel. 

An alternative to the source-tied design is a transistor design with an independent 

body contact – this approach is illustrated in Figure 3.3.  Here, implants are again used to  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.  Schematics of SOI nMOSFET with independent body contact 
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each end of the channel to form an ohmic contact to the transistor body region.  Unlike the 

source-tied design, a segment of polysilicon is placed between the source and body ties to 

prevent the silicide from strapping the junction.  This creates a diode between the source 

and body, and retains the body as an independent node with a bias independent of the 

source voltage.  For this design, if the body is left unconnected, the body bias will float as a 

function of the source, drain, and gate biases.  This can make the transistor characteristics 

vary.  Alternatively, the designer can directly contact the body active regions to bias these 

nodes independently.  In this case, the transistor width is defined as the distance between 

the polysilicon segments used to isolate the body contacts.  Compared to the source-tied 

layout, the width is effectively reduced by one gate length (half of a gate length per side) as 

the polysilicon blocks a portion of the source implant.  The use of transistors with 

independent body contacts allows the designer to change the device performance for given 

gate, drain, and source voltages.  In this work, the effectiveness of using the device body is 

evaluated on the device and circuit levels for digital designs in a number of applications.  

Results related to performance across temperature are discussed in Chapter 5. 

 

 

3.2 Electrical Results 

 

 To characterize the impact of body bias on individual devices, an array of different 

devices were designed and fabricated. The nominal device has width=10um and 

length=0.5um.  An overview of device parameters is presented in Table 3.1.  This compact 

yet efficient set of devices can be used to verify existing models, especially at low voltages 

and under varying bias conditions, and the impact of design choices on performance. 

Source-tied devices are included with variations across width (ranging from 10um 

to 2.4um) and length (from 1.20um to 0.50um) to determine electrical width and length 

(WEFF and LEFF respectively) for the baseline process.  For devices with an independent 

body contact, LEFF will be similar to the source-tied case, but WEFF will be different since 

other physical features determine WEFF.  For independent body contact devices, another set 

of variable width transistors (10um to 2.4um) was developed to investigate WEFF for 
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transistors with polysilicon body contact isolation. Microphotographs of the transistor array 

are shown in Figure 3.4. 

 

Table 3.1.  Overview of transistor test structures 

 

Varying width, source-tied 

and independent body 

Varying length,  

source-tied only 

W (um) L (um) W (um) L (um) 

W=10um L=0.5um 

W=5um L=0.6um 

W=4um L=0.8um 

W=3um 

L=0.5um 

 

W=10um 

L=1.2um 

 

 

Transistors were characterized with an HP4156C Semiconductor Parameter 

Analyzer, Cascade DCP100 DC probes, and a Cascade 11000 series probe station.  

Electrical results and analysis are shown in Figures 3.5 to 3.10.  Figures 3.5 and 3.6 display 

log IDS-VGS results for nominal NMOS and PMOS devices.  The subthreshold swing, ON 

and OFF currents and threshold voltages for nominal devices were extracted from this data.  

The subthreshold swing for both NMOS and PMOS was found to be 63mV/decade, nearly 

the ideal value of 60mV/decade.  The NMOS ON and OFF currents are 300 A/ m and 

3fA/ m, respectively, while the PMOS ON and OFF currents are 100 A/ m and 10fA/ m. 

Threshold voltage VT is extracted at a low VDS = 50mV.  The extracted PMOS VT is 80mV 

lower the device model value of -880mV while the NMOS VT is 60mV lower than the 

nominal value of 680mV.  

From the transistor I-V characteristics, a number of parameters can be extracted.  Of 

particular interest are those that impact the physical design of the device and its use in 

certain key applications targeted in this project..  Among these device parameters are 

effective gate length and effective channel width.  Effective gate length is the measured  
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Figure 3.4.  Microphotographs of (a) transistor test structure array, (b) nMOSFET with 

source-tied body contact, and (c) independent body contact 
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Figure 3.5.  Current-voltage characteristics of SOI nMOS transistor, W/L=10um/0.5um.  (a) 

IDS-VGS for VDS=0.05V and 3V.  ON current, OFF current, and subthreshold swing values 

shown.  (b) VT extracted from IDS-VGS @ low VDS.   
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Figure 3.6.  Current-voltage characteristics of SOI pMOS transistor, W/L=10um/0.5um.  (a) 

IDS-VGS for VDS=0.05V and 3V.  ON current, OFF current, and subthreshold swing values 

shown.  (b) VT extracted  from IDS-VGS @ low VDS.   
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electrical gate length, which can vary from the drawn length LDRAWN due to diffusion of 

junctions beneath the gate, variations in dopant concentrations, and variations in the gate 

level photolithography process.  The difference between drawn and electrical dimensions 

for length and width, L and W respectively, can be extracted from characterization of 

resistance and conductance vs. width and length.  Results from varying length transistors 

show L is zero (that is, the extrapolated lines converge at L=0) as shown in Figure 3.7.  

The total series resistance – including the probes, contacts, and sheet resistance of the 

junctions – is 85 . As shown in Figure 3.7, the curves converge at –0.4um, so W is 

determined to be 0.4um and the electrical width of the FETs is slightly wider than the 

drawn width.  Since the actual width of the device is determined by individual implant 

steps defined with separate photolithographic processes, it is likely that an interaction 

between the n+ implant forming the drain width and the p+ width forming the body tie 

could lead to variation in device width from the nominal value.  For example, junction 

concentration and depth, as well as misalignment between the lithographic steps, can 

impact width.  Deviations from the “drawn” device dimensions can impact transistor sizing 

as the electrical W/ L represents an offset from nominal drawn values. 

In addition to the W/ L variation described above, it is useful to characterize the 

impact of temperature and transistor body bias (VBS) on MOSFET characteristics.  The 

impact of temperature is described in detail in Chapter 5.  A standard FET with 

independent body contacts is illustrated in Figure 3.3.  As described above, polysilicon gate 

extensions are used to isolate the source/drain doping from the body contacts.  Using these 

body contacts, the voltage to the body node VB can be adjusted relative to the source 

voltage VS.  A positive or negative VBS will adjust the transistor threshold voltage VT 

according to the following equation: 

VT = 2 B 2 B VBS( ) 

where 

 

=
2q SiN A

COX

   and   B =
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Figure 3.7.  Extracting transistor parameters from I-V characteristics.  (a) Calculating L 

from IDS-VDS results as a function of transistor length.  (b) Calculating W from IDS-VDS 

results as a function of transistor width. 
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Biasing VBS negative shifts the device VT higher while biasing VT positive shifts VT lower. 

While shifting VT lower, a positive VBS bias also increases subthreshold current 

substantially due to leakage at the body/source junction.  IDS-VGS characteristics for NMOS 

and PMOS devices as a function of VBS are shown in Figure 3.8.  For example, in Figure 

3.8, a 4V reverse bias results in 800mV higher NMOS VT.  A plot of VT vs. VBS for NMOS 

and PMOS devices is shown in Figure 3.9.  The PMOS characteristics are more unusual 

since it appears that the degree of VT shift due to PMOS reverse bias VBS is limited.  The 

PMOS VT shift saturates at 300mV shift for 1.5V and higher reverse bias VBS.  This 

saturation of VT shift will impact the use PMOS VBS to modify circuit properties.   

 The VT shift saturation observed for PMOS devices is atypical for standard CMOS 

devices and this effect is not observed in simulation results shown in Figure 3.10.  An early 

publication from Honeywell [79] describing the new (at the time) MOI5 process offers 

some insight into this phenomenon.  The process outlined in the publication mentions a 

single N+ polysilicon gate process for both NMOS and PMOS devices (as opposed to the 

standard N+ polysilicon gate for NMOS and P+ polysilicon gate for PMOS).  Due to the 

impact of gate doping on the parameter phi, an N+ polysilicon gate will force the PMOS 

threshold voltage to a fairly high initial value.  Adjusting PMOS VT downward to a 

reasonable value would require a low body doping (hence a small body factor gamma) and 

would produce buried channel PMOS transistors.  From the VT equation: 

 

VT =Vfb + 2 B + 2 B VBS( ) ,   where   =
2q SiN A

COX

   and   B =
kT

q
ln

NA

ni

 

 
 

 

 
  

 

it can be seen that a process technology having a VT enabled by an extremely small gamma 

is also less sensitive to changes in VBS, and therefore has reduced utility for body biasing.  

An improved PMOS transistor for this project would have a larger body factor and offer an 

ideal VT shift vs. VBS – this may only be possible with a change to the fabrication process 

to incorporate p-type gate doping for PMOS devices, rather than n+ gate doping for both 

NMOS and PMOS transistors. 
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 Figure 3.8.  Transistor characteristics, IDS-VGS vs. VBS.  (a) NMOS transistor, W/L = 

10um/0.5um.  (b) PMOS transistor, W/L = 10um/0.5um.  
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Figure 3.9.  Measured shift in transistor threshold voltage as a function of VBS  

 

 

 

Figure 3.10.  (a) Simulation vs. (b) measured electrical results for PMOS transistor, log IDS-

VGS as a function of VBS 

 

 

(a) (b) 



 56 

3.3 Device Design Rules 

 

 An overview of transistor layout design rules is illustrated in Figure 3.11.  The size of 

the source and drain areas is determined by the device width and the contact/contact 

enclosure rules.  For the source-tied baseline device (Figure 3.1), the width of the active 

region is the device width plus the width of the implanted regions on either end of the 

channel.  For the independent-body-tie device (Figure 3.3), the active region width is the 

device width plus the width of the implanted region and the width of the polysilicon 

extensions. The length of the active region for all devices is determined by the contact 

size/enclosure.  These values for the Honeywell process (translated into standard lambda 

rules) is shown in Figure 3.11 and Table 3.2.  For very wide transistors, a preferred 

approach uses multiple finger transistors rather than a single wide transistor to avoid very 

wide channels (that is, to minimize the distance from any point in the channel to the body 

contact) as illustrated in Figure 3.12.  These design rules are evaluated in greater detail in 

Chapter 4. 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.11.  Transistor layout design rules for source-tied and independent-body devices. 
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Table 3.2. Transistor design rules for source-tied and independent-body devices 

# Design Rule microns lambda 

1 Contact size 0.8um 3.2  

2 Contact-to-poly space 0.8um 3.2  

3 Active enclosure of contact 0.8um 3.2  

4 Gate length 0.5um 2  

5 Active extension beyond poly edge 0.8um 3.2  

6 Source-tie Implant width 0.8um 3.2  

7 Poly extension beyond active edge 0.8um 3.2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12.  Use of multiple fingers to fabricate wide devices. 
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Chapter 4 Novel SOI Topologies - Integrated Dynamic Body Biasing 

Technique for High Performance/ Low Power 
 

4.1 Introduction  

 

 Numerous techniques have been proposed to reduce circuit power consumption.  These 

include global and local VDD minimization, switching reduction, and the use of multiple 

optimized threshold voltages. An alternative technique uses a transistor body bias, whereby 

a forward bias provides increased drive current during switching while a reverse bias 

reduces leakage current during standby.  Body biasing techniques have been shown to 

improve performance, especially at low VDD [35].  Many structures have been proposed to 

use body bias to change the threshold voltage of transistors, for example to semi-statically 

move between sleep and active modes [80].  More aggressive static biasing techniques 

have been used to permit low-leakage sub-threshold operation [81] and to implement 

multiple threshold circuits [63,63]. The primary disadvantage of these static and semi-static 

techniques is the routing and contact area overhead required for bias distribution and its 

impact on device size.  

 This chapter introduces a new technique to reduce power and/or increase speed of an 

SOI circuit using a dynamically charged body node.  In this work, body biasing is 

implemented using parasitic drain-body transistors.  The body node is used dynamically, 

during the switching event to reduce the threshold voltage during that event, restoring the 

threshold voltage to its nominal value between input edges. Previously Chung et al. 

reported the use of a similar circuit topology for buffers [82].  The contribution of this work 

is determine the value and cost of dynamic body driven logic circuits, to propose an area-

efficient technique to distribute bias to individual devices, and to extend this approach 

beyond buffers to other structures including logic gates and pass transistors. 

 This technique can be used to permit low-voltage operation, without any loss in 

switching speed or increase in leakage power.  Alternatively, it can be used to speed up 

circuits without any increase in power consumption.  In this work, the technique is applied 

to several logic gates.   Up to 25% improvement in energy-delay product was observed.  



 59 

The proposed technique offers higher performance and reduced circuit power consumption, 

and has been demonstrated using simulation and test structures fabricated in a partially-

depleted SOI process. It requires no additional area over a standard H-gate SOI transistor 

design, and minimal area overhead compared with the area of a conventional source-tied 

layout. 

   

4.2 Proposed Logic Cell Design and Layout  

 

 The proposed structure starts with the “H-gate” MOSFET [14], an edgeless-channel 

design which is particularly attractive for radiation-hard applications [83] and is widely 

used with PD-SOI substrate technology.  Unlike the conventional source-tied layout style 

shown in Figure 4.1(a), the H-gate layout style uses polysilicon gate extensions parallel to 

and on both sides of the channel to create an isolated body contacts as shown in Figure 

4.1(b).  Using these contacts, an independent body bias can be applied to individual devices 

in partially-depleted SOI circuits and enable independent control of VBS.  The body voltage 

can be fixed or dynamically controlled using a variety of configurations, often at the 

expense of increased layout area.  The proposed H-gate MOSFET structure pulls the drain 

implant across the polysilicon extensions on both ends of the channel as shown in Figure 

4.1(c), converting a portion of the parasitic polysilicon features used for contact isolation 

into the gate of two parallel integrated drain-body transistors (IDBTs).  These IDBTs share 

a common gate with the main H-gate transistor and connect the drain and body nodes when 

this common gate is ON.  The use of this alternative device layout in an inverter design is 

discussed in [84].  Schematics for source-tied and IDBT inverters are shown in Figure 4.2.  

For example, consider the NMOS transistor in an inverter. In both conventional and 

modified inverters, as the input voltage rises from “0” to “1”, the NMOS transistor turns 

ON, pulling the output from “1” to “0”.  However, during switching of the proposed 

inverter, the charge from the initial “1” value on the inverter  
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Figure 4.1.  Overview of MOSFET transistor layout styles.  (a) Source-tied nMOSFET. (b) 

Standard H-gate nMOSFET. (c) Modified H-gate nMOSFET with integrated drain-body 

transistors (IDBTs) formed across polysilicon extensions.  
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Figure 4.2.  Schematic and layout for inverters.  (a) Standard inverter implemented using H-

gate MOSFETs. (b) Modified inverter implemented using H-gate MOSFETs with IDBTs.  

Note: metallization omitted from layout for clarity.  
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output is shifted to the NMOS body through the IDBTs, causing a transient positive VBS on 

the transistor body. The positive VBS forces the NMOS VTH to drop, increasing NMOS IDS 

during switching and improving the fall time.  An inverter with IDBTs on both transistors 

displays higher FMAX and improved energy-delay characteristics and, since existing 

polysilicon features are use to create the IDBTs, this is achieved without area penalty. 

Simulation and electrical results for both conventional and modified inverters are discussed 

below. 

 The use of IDBTs can be extended beyond the inverter to more complex logic gate and 

pass gate structures.  Schematics for conventional and modified NAND gates are shown in 

Figure 4.3.  The standard “H-gate” layout, with continuous polysilicon extensions along the 

full length of the transistor, is not conducive for use in series/parallel devices where 

independent gate/body nodes are required for each input.  Here, the layout of the “H-gate” 

polysilicon has been altered to enable parallel/series MOSFETs – this is accomplished by 

modifying the conventional “H-gate” polysilicon feature as shown in Figure 4.3.  The 

modified shape resembles a rotated letter “ ”.  With this gate layout, the parasitic 

transistors are implemented using dopant extensions from the drain to the body across the 

polysilicon features isolating the body contact from the source/drain. As with the inverter 

configuration, the initial value at the output prior to switching is used as a transient bias to 

the switching pull-up or pull-down transistors, enabling enhanced IDS and higher 

performance through faster rise/fall times.  The layout approach detailed in Figure 4.3 is 

also applicable to other logic configurations such as NOR, AND, and OR gates. 

 This approach is also useful for pass transistor logic.  A symmetric pass transistor was 

first proposed in [47] as a means to locally increase the body voltage of the pass transistor 

during switching.  The NMOS pass transistor layout shown in Figure 4.4 uses IDBTs to 

transfer charge from the “high” side of the pass transistor and provide a positive VBS to the 

NMOS body when passing a “1” value, increasing current through the pass transistor and 

improving the ability of the NMOS pass transistor to drive a load.  It is noteworthy that 

alternative design approaches to dynamic biasing of the pass transistor body, such as the 

asymmetric design proposed in [46], can also be constructed with minimal area penalty 

using IDBTs. 



 63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.  Schematic and layout for NAND gates.  (a) Standard 2-input NAND gate 

implemented using H-gate MOSFETs. (b) Modified 2-input NAND gate implemented using 

H-gate MOSFETs with IDBTs.  Note: metallization omitted from layout for clarity.  
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Figure 4.4  Schematic and layout for pass gate.  (a) Standard pass gate implemented using H-

gate nMOSFET. (b) Modified pass gate implemented using H-gate MOSFET with IDBTs.  

Note: metallization omitted from layout for clarity.  
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 A full range of basic logic structures – inverters, simple logic gates, pass transistors – 

offer improved performance at nominal VDD using IDBTs.  This approach also offers the 

opportunity to reduce VDD without sacrificing performance, enabling lower power 

consumption.  Another advantage of the proposed structure is its compact layout compared 

to standard designs.  The parasitic transistors use the existing polysilicon extensions that 

isolate the body contacts from the source/drain, and the modified layout adheres to all 

design rules.  As shown in Figures  4.2 to 4.4, the cell area is identical to standard H-gate 

designs and only minimally larger than a conventional source-tied design.   

 

 

4.3  Simulation and Electrical Characterization 

  

4.3.1 Simulation Results 

 Inverter, pass-transistor, and NAND/NOR gates were designed to characterize the 

proposed IDBT layout approach.  The inverter and pass-transistor structures were also 

fabricated in Honeywell’s “MOI5” 0.5um PD-SOI CMOS process – electrical results for 

these structures are discussed below in 4.3.2. 

 Simulation results for the inverter structure, shown in Figures 4.5 – 4.7, demonstrate the 

impact of the IDBTs on the transistor and circuit performance.  The impact of IDBTs on 

transistor body voltage is illustrated in Figure 4.5.  For sub-nominal VDD=1.5V, both the 

NMOS and PMOS body potential VBS shift more than 400mV upon switching. It also can 

be seen in Figure 4.5 that for NMOS and PMOS transistors, after switching, VBS is restored 

to zero as VDS drops to zero.  The transient shift in VBS ultimately reduces the gate delay 

compared to a source-tied configuration.  IDBT transistor performance was simulated using 

a five-stage ring oscillator as a test circuit.  Ring oscillator frequency for IDBT devices is 

higher vs. standard devices across all VDD, from 21% at 3V VDD to 24% at 1.5V VDD as 

shown in Figure 4.6.  Finally, energy delay product (EDP) results are shown in Figure 4.7.  

Across the full range of VDD, IDBTs enable a lower EDP than standard source-tied cells. 
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Figure 4.5.  Simulated input, output, and transistor body voltage waveforms during switching 

for ring oscillator inverter with IDBTs.  nFET and pFET body voltages (VBN and VBP, 

respectively) are indicated.  

Figure 4.6.  Simulated ring oscillator frequency (FOSC) vs. VDD for baseline inverter (STD) and 

inverter with IDBTs. 

IN 

OUT 

VBP 

VBN 
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Figure 4.7.  Simulated inverter Energy-Delay Product (EDP) vs. VDD for baseline inverter 

(STD) and inverter with IDBTs. 

 

 

 

 As illustrated in Figure 4.4, the IDBT approach can also be used with pass transistors.  

A test structure comprised of a series connection of 48 logic blocks, each consisting of an 

inverter driving a pass transistor, was simulated.  Chain delay over VDD for both source-tied 

and IDBT structures is shown in Figure 4.8.  The IDBT structure reduces delay and extends 

functionality to lower VDD. 

 To investigate the impact of IDBTs in standard logic cells, a ring oscillator circuit 

comprised of five NAND gates, illustrated in the schematic shown in Figure 4.9, was 

designed in both standard source-tied and IDBT layout styles.  The ring oscillator 

frequency (FOSC) and power consumption were simulated from VDD=3V (nominal) to 1.0V.  

Simulated oscillator frequency vs. VDD results are also shown in Figure 4.9.  The use of 

IDBTs reduces NAND gate switching time across the entire range of VDD and increases 

ring oscillator FOSC 
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Figure 4.8.  Simulated logic chain delay vs. VDD for baseline pass transistor chain (STD) and 

chain with IDBTs. 

 

 

18-25% over VDD from 3.0V to 1.5V.  Simulated EDP results for the standard source-tied 

and proposed IDBT NAND gates are shown in Figure 4.9.  NAND gates with IDBTs 

exhibit lower EDP  at nominal and sub-nominal VDD, and the minimum EDP is reduced 

12% lower.  NOR gates were also evaluated, and simulated oscillator frequency vs. VDD 

results are shown in Figure 4.10.  The use of IDBTs reduces NOR gate switching time 

across the entire range of VDD and increases ring oscillator FOSC 16-28% over VDD from 

3.0V to 1.5V. NOR gates with IDBTs exhibit lower EDP  at nominal and sub-nominal VDD.  

The minimum EDP is 10-12% lower.  These results indicate that  
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Figure 4.9.  (a) Ring oscillator circuit comprised of five NAND gates.  (b) Simulated ring 

oscillator frequency FOSC vs. VDD for ring oscillators with standard NAND gates (STD) and 

NAND gates with IDBTs (IDBT). (c) Energy-Delay Product (EDP) vs. VDD for ring 

oscillators with standard NAND gates (STD) and NAND gates with IDBTs (IDBT). 

 

(c) 
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(a) 

OUT 
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Figure 4.10.  (a) Ring oscillator circuit comprised of five NOR gates.  (b) Simulated ring 

oscillator frequency FOSC vs. VDD for ring oscillators with standard NOR gates (STD) and 

NOR gates with IDBTs (IDBT). (c) Energy-Delay Product (EDP) vs. VDD for ring oscillators 

with standard NOR gates (STD) and NOR gates with IDBTs (IDBT). 

 

(a) 

OUT 
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IDBT-based logic cells offer the designer a power-performance tradeoff, with higher 

performance possible at nominal VDD or equivalent performance at sub-nominal VDD, 

reducing total system power.  Moreover, there is minimal area penalty with the proposed 

IDBT design – an analysis of area penalty is found in Section 4.4. 

 Simulation results comparing baseline and IDBT-based structures are summarized in 

Table 4.1. 

 

 

Table 4.1   Summary of Simulation Results for IDBT-based Structures 

FOSC, MHz EDP, J*s 
Structure VDD 

Standard IDBT 

% 

Incr 
EDP 

Standard IDBT 

% 

Decr 

3V 400 505 26 nominal 2.9E-22 2.2E-22 24 

Inverter 

1.5V 130 170 31 minimum 2.8E-22 2.1E-22 25 

3V 206 243 18 nominal 6.6E-22 5.8E-22 12 
NAND 

Gate 
1.5V 61 76 25 minimum 6.6E-22 5.8E-22 12 

3V 168 196 16 nominal 8.8E-22 7.9E-22 10 
NOR 

gate 
1.5V 49 63 28 minimum 8.8E-22 7.7E-22 12 

Delay, ns 
Structure VDD 

Standard IDBT 

% 

Decr 

3V 24 14 42 

2.5V 53 20 62 

Pass-

Gate 

Logic 

2V 388 38 90 

 

 



 72 

4.3.2  Electrical Results 

 

 Three test structures were designed and fabricated in the Honeywell “MOI5” 0.5um 

PD-SOI process to characterize the proposed transistor design in the inverter and pass 

transistor IDBT implementations. The configuration used for all electrical characterization 

is shown in Figure 4.11.  A Cascade 11000 series probe station was used for all testing.  

DC signals were applied and measured using Cascade DCP100 probes, while AC signals 

were measured using Picoprobe Model 34A high-impedance active probes.  An Agilent 

4156C Semiconductor Parameter Analyzer and Tektronix oscilloscope were used to 

measure circuit characteristics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11.   Photograph of probe station configuration used for electrical characterization.  

Cascade probe station and probes were used for DC signals while Picoprobe Model 34A high-

impedance active probes were used for AC signals – all are shown above.   
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The first inverter test structure, a five-stage ring oscillator, is shown below in Figure 

4.12(a).  Standard source-tied and proposed IDBT ring oscillators were fabricated, with the 

IDBT version incorporating the inverter layout modifications illustrated in Figure 4.2(b).   

Aside from the body biasing strategy, all other elements of the layout are identical for the 

two versions.   A circuit schematic is shown in Figure 4.12(b).  The oscillator frequency 

FOSC was measured over VDD for oscillators with standard inverters and inverters with 

IDBTs. Electrical results are summarized in Figure 4.13. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12.  (a) Microphotograph of ring oscillator test structures with standard inverters 

and inverters with IDBTs.  (b) Schematic of ring oscillator structure. 
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Figure 4.13.   (a) Measured ring oscillator frequency (FOSC) vs. VDD for baseline inverter 

(STD) and inverter with integrated drain-body transistors (IDBTs).  (b) Measured inverter 

Energy-Delay Product (EDP) vs. VDD for baseline inverter (STD) and inverter with IDBTs. 

 

(b) 

(a) 



 75 

 As shown in Figure 4.13(a), the ring oscillators with IDBT inverters displayed 20-54% 

higher FOSC over VDD ranging from 3.0V to 1.0V.  The difference in FOSC between standard 

and IDBT inverters is most significant at subnominal VDD.  In this case,  the MOSFET 

drive current IDS during switching is lower, and the IDS enhancement realized through the 

use of IDBTs is a greater portion of the total current. Measured energy-delay product 

results for the standard and IDBT inverters are shown in Figure 4.13(b).  The use of IDBTs 

reduces EDP across the full range of VDD.  The minimum EDP is 20% lower, and voltage 

at which the EDP minimia occurs is shifted 150mV lower.  As with the NAND gate above, 

these results indicate that use of IDBTs enable a power-performance tradeoff. 

 The second test structure is the inverter chain shown in Figure 4.14(a). The inverter 

chain  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14.  (a) Microphotograph of inverter chain test structures with standard inverters  

and inverters with IDBTs.  (b) Schematic of inverter chain test structure. 
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circuit is a series connection of 37 inverters, as illustrated in Figure 4.14(b).  All devices 

incorporate the layout illustrated in Figures 4.2 and 4.4.  Two versions of this  structure 

were fabricated - the first contained standard source-tied inverters, while the second used 

inverters with IDBTs. As with the ring oscillator structure, the layout of both standard and 

IDBT devices is identical with the exception of how the body bias is handled.  The test 

input was a PRBS signal generated with an HP8133A, and the chain delay was measured 

with high-impedance probes. The delay through the inverter chain as a function of VDD is 

shown in Figure 4.15.  The login chain with IDBTs reduced the chain delay by 23-33% 

across the full range of VDD.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. Measured inverter chain delay vs. VDD for inverter chains with standard 

inverters and inverters with IDBTs. 
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 The third test structure is the logic chain shown in Figure 4.16(a). The pass transisor 

chain circuit is a series connection of 48 logic blocks, with each block comprised of an 

NMOS pass transistor driving an inverter, as shown in Figure 4.16(b).  All devices 

incorporate the layout illustrated in Figures 4.2 and 4.4.  Two versions of this  structure 

were fabricated - the first contained standard body-grounded NMOS pass-transistors and 

source-tied inverters, while the second used transistors with IDBTs.  As with the other test 

structures, the layout of both standard and IDBT devices is identical with the exception of 

how the body bias is handled. The test input was a PRBS signal generated with an 

HP8133A, and the logic chain delay was measured with high-impedance probes. The 

measured delay through the logic chain as a function of VDD is shown in Figure 4.17.  The 

login chain with IDBTs displays substantially reduced delay, especially at sub-nominal 

VDD.  The use of IDBT-based pass transistors enable functionality at a much lower VDD vs. 

the standard body-grounded pass transistors, and improved performance at high/nominal 

VDD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16.  (a) Microphotograph of pass-transistor test structures with standard inverter / 

pass-transistor and inverter / pass-transistors with IDBTs.  (b) Schematic of test structure. 
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Figure 4.17. Measured logic chain delay vs. VDD for logic chains with standard inverters / 

pass transistors and logic chains with inverters / pass transistors with IDBTs. 

 

 

4.3.3  Comparing Inverter and NAND/NOR Performance 

 A review of the data in Section 4.3.1 demonstrates that IDBTs have a greater impact on 

the performance of inverter-based structures compared to NAND/NOR logic gates.  For 

example, ring oscillators with inverters show a 26% increase in FOSC at 3V while 

NAND/NOR-based ring oscillators show a 16-18% increase in FOSC.  This difference is 

due to how the IDBT configuration determines the actual body voltage realized in series 

transistors.  For example, consider the series NMOS transistors of the NAND gate shown 

in Figure 4.18.  For an input shift from “0” to “1”, the output node is discharged through 

the series NMOS transistors.  When the inputs shift, the IDBT transistors turn on and the 

drain voltage charges the transistor body.  For NMOS transistor “A”, the initial high 

voltage on the output pulls the body voltage higher, as in an inverter configuration.  For 
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NMOS transistor “B”, the body voltage is determined by its drain voltage, which is the 

voltage of the internal node between transistors “A” and “B”.  Unlike the output node, this 

internal node is not initially high but rather is pulled high as transistor “A” turns on.  Until 

the voltage at this internal node increases, the body voltage of transistor “B” cannot be 

pulled higher and therefore the benefits of the IDBT are not realized immediately or fully.  

Simulations indicate that the body voltage of transistor “B” increases more slowly than that 

of transistor “A”, and reaches a lower maximum value during discharge.  Hence, while the 

IDBT NAND gate does show improvement, the percent increase in performance is not as 

substantial compared to inverter-based structures.  This fact suggests that the IDBT 

approach is less useful for extremely wide gates and that IDBT-based circuit designs 

should primarily use gates with fewer inputs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. Schematic of NAND gate with IDBTs, and internal node between NMOS 

transistors “A” and “B” indicated. 
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4.3.4 Comparing Simulation and Electrical Results 

 

The results shown in Sections 4.3.1 and 4.3.2 indicate that there are differences 

between the simulation results and the electrical data for the standard and IDBT structures.  

While the trends are similar, the simulation results (1) overestimate the performance of 

each test circuit over the full range of VDD and (2) underestimate the impact of the IDBTs 

on circuit performance at low VDD.  There are several possible explanations for each of 

these differences.  In terms of overall circuit performance, the individual devices may be 

slower than nominal and the parasitics may higher than expected, both of which would lead 

to degraded electrical results vs. simulation.  Regarding the impact of IDBTs at low VDD, it 

would appear that the IDBT devices are stronger than expected and therefore provide a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19.   Simulated ring oscillator frequency (FOSC) vs. IDBT width.  The IDBT width has 

a slight impact on FOSC. 

 

(no IDBTs) 
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greater increase in IDS at low VDD.  Stronger devices could be due to either a wider-than-

nominal IDBT or to a larger VT shift than expected.  The standard FET width is determined 

by the polysilicon extensions, while the IDBT width is a function of the S/D ion implant; 

the IDBT width could change during anneal steps due to dopant diffusion.  A wider or 

narrower IDBT could could have a stronger or weaker impact on body voltage.  To better 

understand the impact of IDBT width, ring oscillator structures with varying IDBT width 

were simulated at VDD = 1.5V and results are shown in Figure 4.19.  It appears that, for 

values of WIDBT > WMIN, the impact of IDBT width alone is not large enough to provide the 

faster results observed at low VDD.   

The impact of IDBTs may also be enhanced if the VT shift resulting from the 

IDBTs is greater larger than expected.  Electrical and simultion results for positive VBS are 

shown in Figure 4.20.  It can be seen that the VT shift provided by VBS=0.5V for NMOS 

devices is 100mV in simulation and 160mV in electrical measurements, while for PMOS 

the VT shift is 90mV in simulation and 150mV in electrical measurements.  The enhanced 

performance observed electrically for IDBT-based devices vs. simulaton is a result of this 

larger VT shift which causes a larger transient increase in drive current during switching. 

 

 

4.4  Area Penalty and Physical Scaling 

 

 As mentioned above, the minimal area penalty for the IDBT technique results from the 

use of the polysilicon extensions to isolate the source/drain from the body contact – these 

extensions also form the IDBT gate. Calculating the minimum transistor area requires 

examination of several design rules in addition to the minimum FET width and length.  An 

overview of these rules is illustrated in Figure 4.21.  For the source-tied baseline device, 

the total transistor width is the device width, plus the width of the implanted regions on 

either end of the channel, plus the gate extension over the active edge.  For the 

independent-body device, the total transistor width is the device width, plus the width of 

the poly extensions, plus the width of the body contact regions on either end of the channel.  
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Figure 4.20. Measured and simulated current-voltage characteristics of (a) nMOS and (b) 

PMOS transistors, W/L=10um/0.5um for VBS=0V and 0.5V.  As indicated by the arrows 

above, electrical measurements display a greater VT shift due to positive VBS. 
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Figure 4.21. Transistor layout design rules for independent-body, source-tied, and IDBT 

devices 

 

 

 

Table 4.2. Transistor layout design rules for independent-body, source-tied, and IDBT devices 

# Rule microns lambda 

1 Contact size 0.8 3.2  

2 Contact-to-poly space 0.8 3.2  

3 Active enclosure of contact 0.8 3.2  

4 Gate length 0.5 2  

5 Active extension beyond poly edge 0.8 3.2  

6 Implant width, Source-tie 0.8 3.2  

7 Implant width, Channel 1.2 4.8  
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For the IDBT device, the active region width is the device width plus the width of the body 

contact area (without metal contacts) and the width of the polysilicon extensions used to 

isolate the body contacts from the source/drain. The length of the active region for all 

devices is determined by the contact size and active enclosure of contact, plus the gate 

length.  Design rules for the Honeywell process (translated into standard lambda rules) are 

shown in Table 4.2, and the area of a W/L=10um/0.5um transistor for each layout 

technique is as follows: 

  

 Source-tied:    width = (10 + 0.8 + 0.8) um = 11.6um;  

     length = (0.5+2.4+2.4) um = 5.3um;  

     area = 61.5um
2
 

  

 Body-independent:    width = (10 + 0.5 + 2.4 + 0.5 + 2.4) um = 15.8um;  

     length = (0.5+2.4+2.4) um = 5.3um;  

     area = 83.7um
2
 

 

 Transistor with IDBTs:  width = (10 + 0.5 + 0.8 + 0.5 + 0.8) um = 12.6um;  

     length = (0.5+2.4+2.4) um = 5.3um;  

     area = 66.8um
2
 

 

 The total area increase for an IDBT device vs. a nominal source-tied device is 5.3um
2
, 

or 8%.  This number would be slightly higher for very narrow devices, and slightly lower 

for wide transistors.  Configurations with series transistors (i.e. with fewer contacts and 

associated enclosures) would also show less difference between source-tied and IDBT 

devices.  The body-independent design is substantially larger than either the source-tied or 

IDBT designs (36% and 25% , respectively) – this is due to the large contact and contact 

enclosure regions on each end of the channel.  The finger transistor layout for very wide 

transistors, noted in Figure 3.12, is also compatible with IDBTs, as illustrated in Figure 

4.22. 

 A critical question: is the layout area advantage of the IDBT approach sustained as 

devices are scaled to smaller dimensions with improvements in process technology?  To 

answer this question, the scaling of design rules to deep submicron dimensions must be  
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Figure 4.22. Finger transistor design to achieve wide FETs with IDBTs. 
 

 

considered, and a good generalization of deep submicron design rule scaling across 

numerous deep submicron processes can be gleaned from MOSIS documentation [85].  

Many design rules remain constant (i.e. follow the lambda convention) with deep 

submicron scaling while others change slightly.  Design rules that impact the physical size 

of the nominal source-tied and IDBT transistors do NOT deviate from baseline lambda 

rules with scaling.   

 It is clear that, with the MOI5 process and future scaled processes, the use of IDBTs 

has only a slight impact on total device area.  
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4.5  Electrical Scaling 

 

 Beyond physical scaling, a full analysis of the IDBT strategy requires that the electrical 

performance advantage of the approach (as well as layout area) scales with process 

technology.  For example, with shorter and narrower IDBTs, will the performance 

advantage vs. standard devices be realized?  To evaluate the electrical impact of scaling, 

the test circuit shown in Figure 4.12 was simulated using the nominal BSIMSOI-3.2 

models [86].  These models use PD-SOI devices from the 180nm technology node.  Using 

the scaling rules discussed above in section 4.4 to determine feature size, the scaled circuit 

was simulated and results are shown in Figures 4.23-4.24. 

 

Figure 4.23. Simulated ring oscillator frequency FOSC vs. VDD for ring oscillators with scaled 

inverters (STD) and scaled inverters with IDBTs. 
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Figure 4.24. Simulated EDP vs. VDD for ring oscillators with standard inverters (STD) and 

inverters with IDBTs 

 

 

As shown in Figure 4.23, the scaled oscillator circuit with IDBT inverters displayed 45-

80% higher simulated FOSC over VDD ranging from 1.8V to 0.5V, with the greatest 

advantage at subnominal VDD.  Simulated energy-delay product results for the scaled 

standard and IDBT oscillators are shown in Figure 4.24.  The IDBTs reduce EDP across 

the full range of VDD.  The minimum EDP is 22% lower.  These results follow the trends 

observed with the Honeywell  MOI5 process, and indicate that the advantage of IDBTs are 

retained with process scaling. 

 In a more general sense, the ITRS roadmap predicts that future nm-scale MOSFETs 

will offer performance OR low-power, but not both.  As VDD and VT scale with advanced 

process technology, VT starts to approach values near zero and subthreshold current 

increases exponentially.  When this occurs, the designer will be forced to choose between 

two types of devices: (1) performance MOSFETs, with low VT and high IDS, but also high 
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leakage; or (2) low-power MOSFETs with high VT and low leakage, but suppressed IDS.  

The techniques outlined in Chapter 4 recognize this tradeoff and provide a dynamic VT 

solution that can be optimized to meet the specific needs of individual users. 

 

 

4.6  Conclusions 

 

 This chapter described the concept of an integrated drain-body transistor that can be 

used to locally and dynamically reduce MOSFET VTH, increase switching speed, and 

improve circuit energy delay product by up to 30%.  For all structures investigated, the 

dynamic body bias provided by integrated drain-body transistors provides improved logic 

cell performance vs. conventional source-tied cell designs. Ring oscillators and logic chains 

implemented with IDBTs display higher operating frequency and faster switching 

compared to baseline cells.  In addition to this performance advantage, the electrical results 

demonstrate that, for a given performance target, the IDBT approach enables use of lower 

VDD, reducing power consumption. The IDBT approach has been demonstrated electrically 

at the 0.5um technology node using the Honeywell MOI5 process, but its advantages  

extend to more advanced processes as well.  The IDBT integrated transistor scales as 

process technology improves, and simulation results demonstrate clear performace and 

power advantages at the 180nm technology node.  Finally, fabricating IDBTs across the 

polysilicon extensions offers all of these improved power/performance benefits with 

minimal area penalty. 
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CHAPTER 5 TEMPERATURE AND PROCESS COMPENSATION USING A 

TARGETED BODY BIAS  

 

5.1 Introduction 

 

In Chapter 4, the use of a targeted, dynamic body bias to improve system 

performance was explored using a novel transistor topology that offers additional biasing 

transistors constructed using existing polysilicon isolation straps.  This “self-biasing” 

approach is useful for logic structures where the body bias can be controlled as a function 

of the transistor gate and drain voltage.   

An alternative use of body bias techniques involves compensation for variations in 

critical process steps occurring during transistor fabrication.  Critical dimensions such as 

polysilicon gate length, active layer width, and contact/metal sizing can vary from lot to lot, 

wafer to wafer, and even across individual die.  Other parametrics, such as implanted 

impurity concentration and interlayer dielectric layer thickness, also tend to vary.  All of 

these process and parametric shifts lead to variations in device performance and yield.  

Performance and yield optimization requires compensation of these variations through 

some means.  The use of a targeted body bias can be used to offset process variations. 

Another potential use of a targeted body bias involves compensation for 

temperature.  As mentioned in Chapter 3, temperature impacts transistor performance in 

several ways, changing the threshold voltage, carrier mobility, and other key device 

parameters.  Space electronics must operate over a particularly large temperature range.  

The use of SOI substrate technology reduces junction leakage, making SOI useful for high 

temperature electronics although no substrate technology can suppress the fundamental 

impact of temperature on device characteristics.  A body bias, however, can be used to 

sustain device parameters such as VT and ON current at their nominal value and therefore 

provide stability across a wide temperature range. 

 Here, we look device performance across wide temperature ranges and demonstrate 

the effectiveness of using body bias as a means to provide compensation in a variety of 

circuits. 
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5.2  Impact of Temperature on Device Characteristics 

 

Individual device I-V characteristics for nominal and higher temperatures are 

shown in Figures 5.1 and 5.2.  Devices were measured on a Cascade probe station equipped 

with a programmable hot chuck.  The impact of elevated temperature on device 

performance can be seen in the transistor subthreshold swing, leakage current, ON current, 

and threshold voltage.  At elevated temperature, NMOS and PMOS threshold voltage drops 

due to temperature-dependent parameters in the VT equation, as described in the following 

equation: 

 

VT(T) = VT(Tr) – k4(T-Tr) 

 

where the parameter k4 determines the degree of VT shift and is a function of substrate 

doping, oxide thickness, and VBS.  Reducing VT increases transistor ON-state current.  

Alternatively, carrier mobility μ also decreases at elevated temperatures, reducing ON-state 

current per the following equation: 

μ(T) = μ(Tr )
T

Tr

 

 
 

 

 
 

k3

 

 

where the parameter k3 is a constant and determines the degree of mobility degradation at 

higher temperature.  The net effect of VT and mobility shifts on device I-V characteristics 

depends on both parameters as well as how the transistor is biased.  For example, for a 

transistor biased in the saturation region,  

 

IDS =
WCOXμ(T)

2 L
VGS VT (T)[ ]

2
 

 

so VT reduction dominates at low VGS while mobility reduction dominates at high VGS.  

This effect can be seen clearly in the electrical characteristics shown in Figures 5.1 and 5.2.  
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Figure 5.1.  (a) NMOS transistor characteristics, log IDS-VGS vs. temperature for T=25°C to 

T=225°C. (b) VT extraction from IDS-VGS characteristics via linear extrapolation of IDS. 

 

(a) 

(b) 
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Figure 5.2.  (a) PMOS transistor characteristics, IDS-VGS vs. temperature for T=25°C to 

T=225°C. (b) VT extraction from IDS-VGS characteristics via linear extrapolation of IDS. 

(a) 

(b) 
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It is worth noting that curves converging at a point where IDS is constant with temperature 

provide a “ZTC” or “zero temperature coefficient” point.  The fact that the current is 

invariant with temperature at the ZTC point makes this a potentially valuable bias condition 

to avoid temperature dependence, if possible.  A constant ZTC point across the full range 

of temperatures was not observed for NMOS and PMOS devices in this study. 

The transistor subthreshold swing and subthreshold leakage IOFF degrade at high 

temperature.  The subthreshold swing is given by 

 

S =
nkT

q
ln(10) 

 

 

As shown in Figures 5.1(a) and 5.2(a), the subthreshold swing of the I-V curve degrades 

for higher and higher temperatures.  IOFF has several leakage components but is dominated 

by junction leakage at high temperatures.  Junction leakage is diode leakage at the source-

body and drain-body junctions.  An increase in IOFF from ~10fa to ~1nA can be seen from 

25°C to 225°C.  As noted in Chapter 3, one advantage of SOI is reduced leakage at high 

temperature due to reduced junction area – since the source/drain junctions land on the 

buried oxide, the large area component of diode leakage is eliminated and only sidewall 

leakage is present – this is substantially smaller than in convention bulk technologies. 

Devices were also characterized at very low temperatures using a MMR cryogenic 

characterization system shown in Figure 5.3, and device I-V characteristics are shown in 

Figures 5.4 and 5.5.  As expected, the following trends are observed in the NMOS and 

PMOS device parameters: higher threshold voltage, larger ON current due to higher 

mobility, improved subthreshold swing, and no increase in OFF state leakage.  

 

 

 

 

 



 94 

 

 
 

 

 

 

 

Figure 5.3.  Photograph of test equipment used for low temperature characterization. 
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Figure 5.4.  (a) NMOS characteristics, log IDS-VGS vs. temperature for T=-158°C to T=25°C. 

(b) VT extraction from IDS-VGS characteristics via linear extrapolation of IDS. 
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Figure 5.5.  (a) PMOS characteristics, log IDS-VGS vs. temperature for T=-158°C to T=25°C. 

(b) VT extraction from IDS-VGS characteristics via linear extrapolation of IDS. 
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To compensate for temperature using the proposed approach, the degree to which the 

device characteristics can be shifted using the body node must exceed any shift due to 

temperature.  The NMOS and PMOS IDS-VGS characteristics over a wide range of VBS 

shown previously in Figures 3.8 and 3.9 display, for NMOS devices, a constant 

proportional VT shift vs. VBS across the full range of VBS.  Approximately 800mV of shift 

is available for VBS ranging from 0V to -4V, compared with 400mv of shift across a 200ºC 

temperature range.  Also mentioned earlier was the saturation observed for PMOS devices 

under reverse VBS biases, as shown in Figure 3.8.  Here, VT does not decrease further for 

strong PMOS reverse biases, while it continues dropping as expected for NMOS.  As 

described later in this chapter, this saturation places a limit on the temperature 

compensation available for PMOS and combined NMOS/PMOS biases. 

From these transistor characterization results, key device parameters can be 

extracted. The motivation for extracting these parameters is the ultimate development of 

alternate device models that offer greater accuracy over a wide temperature range.  The 

baseline device models for this process technology are accurate at room temperature but 

diverge quite a bit as temperature decreases, as shown in Figure 5.6.  This error at low 

temperatures is not unexpected as device models, especially foundry device models, are 

typically guaranteed only over a narrow range of temperature – for the MOI5 process 

technology, Honeywell sets this range at -55ºC to 125ºC.  However, certain applications 

demand performance in extreme environments, and one such environment is outer space.  

The surface temperature of Mars ranges from -140ºC to 20ºC, far beyond the range of the 

device model specifications, and other space applications require performance from -230ºC 

to over 180ºC.  Space electronics sometimes rely on a heater built into the payload to raise 

the temperature to nominal values, but this approach increases the size, weight, power 

consumption, and complexity of the payload, all of which are at a premium in spacee 

applications.  An alternative approach would bridge the gap between the models and the 

application, and refine the device models for accuracy at very low temperatures. The 

following sections describe low temperature modeling based on the electrical results 

presented above, and circuit design using these models. 
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Figure 5.6.  Measured and simulated NMOS characteristics, log IDS-VGS vs. temperature for 

(a) T=25°C (RT), (b) T=-58°C, and (c) T=-158°C.  Simulation results exhibit a larger degree 

of  inaccuracy vs. electrical results as temperature decreases. 

 

(a) 

(b) 

(c) 
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5.3 Low Temperature SOI Device Modeling 

 

 SPICE device models contain several temperature-dependent parameters – these 

parameters are outlined below.  For MOS transistors, as described earlier, the threshold 

voltage and carrier mobility are strongly impacted by temperature.  Each of these 

parameters accounts for temperature through sets of equations as noted. 

 

Threshold voltage vs. temperature is given by: 

 

 

where KT1, KTl1, and KT2 are fitting parameters.  

Effective mobility is given by: 

 

μ eff =
μ o

1+ Ua +UcVBSeff( )
VGSteff + 2VT
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where both the numerator and denominator have temperature-dependent parameters.  o as 

a function of temperature is given by: 

 

μ o (T) = μ o TNORM( )
T

TNORM

 

 
 

 

 
 

μte

 

 

where the exponent te adjusts o over temperature.  Ua, Ub, and Uc are fitting parameters 

for the denominator of the eff equation – these parameters are given by: 

 

Ua(T ) =Ua(TNORM )
+Ua1 T /TNORM 1( ) 

VT (T ) = VT (TNORM )
+ KT1 + KTl1 /Leff + KT 2VBSeff( ) T /TNORM 1( )
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Ub(T ) =Ub(TNORM )
+Ub1 T /TNORM 1( ) 

Uc(T ) =Uc(TNORM )
+Uc1 T /TNORM 1( )  

 

 

This effort focuses on modifying the parameters listed above: KT1, KTl1, KT2, te, o, Ua1, 

Ub1, and Uc1 to fit the changes in transistor I-V characteristics at very low temperatures.  

Final values of these parameters determined via curve-fitting appear in Table 5.1.  

Simulated IDS-VGS results for baseline and modified model cards are shown in Figures 5.7 

and 5.8.  The modified model parameters provide more accurate results over temperature, 

especially for the NMOS devices.  Even with the adjusted models, there still exists some 

skew between the electrical and simulation data for the PMOS devices across all 

temperatures.  It is clear that the PMOS device models require more effort. 

 

 

 

Table 5.1 Model Parameters adjusted for accuracy at low temperatures 

PARAMETER NMOS, STD NMOS, NEW PMOS, STD PMOS, NEW 

μo 406.7 366.7 178.9 138.9 

μte -0.9646 -0.5646 -0.8218 -0.4218 

Kt1 -0.296 -0.12 -0.571 -0.455 

Ua1 3.89e-9 2.39e-9 3.88e-9 3.28e-9 

Ub1 -3.79e-18 -7.79e-18 -4.15e-18 -5.15e-18 
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Figure 5.7. Current-voltage characteristics of nMOS transistor, W/L=10um/0.5um, 

comparing electrical results with simulation results from existing (“OLD”) and modified 

(“NEW”) models.  (a) IDS-VGS for low VDS=0.10V and  (b) IDS-VGS for high VDS=3.3V.  

Modifying temperature parameters improves model accuracy at very low temperature. 

 

 

(b) 

(a) 
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Figure 5.8.  Current-voltage characteristics of pMOS transistor, W/L=10um/0.5um, 

comparing electrical results with simulation results from existing (“OLD”) and modified 

(“NEW”) models.  (a) IDS-VGS for low VDS=0.10V and  (b) IDS-VGS for high VDS=3.3V.   
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The shifts in individual transistor characteristics due to temperature impact circuit 

performance targets such as leakage current and speed.  To demonstrate the effectiveness 

of the proposed strategy, several representative circuits were designed and characterized in 

the Honeywell process.  One of the circuits was fabricated and electrically tested.  These 

simulation and electrical results are discussed below. 

 

 

5.4   Wide Temperature Range Circuits 

 

5.4.1 Ring Oscillator  

To evaluate temperature compensation, a five-stage ring oscillator was designed 

with independent body contacts; that is, all of the NMOS transistors share a common node 

NBODY and all of the PMOS transistors share a common PBODY.  A microphotograph and 

schematic of the ring oscillator circuit are shown in Figure 5.9.  A Cascade 11000 series 

probe station was used for electrical testing.  DC signals were measured with Cascade 

DCP100 probes, while AC signals were measured using Picoprobe Model 34A high-

impedance active probes.  An Agilent 4156C Semiconductor Parameter Analyzer and 

Tektronix oscilloscope were used to measure circuit characteristics. 

Baseline ring oscillator results (for VDD = 3V, and VBS = 0 for both NMOS and 

PMOS transistors) over temperature ranging from 25°C to 225°C are shown in Figure 5.10.  

It can be seen that as the temperature increases, the output frequency of the free-running 

ring oscillator decreases and the power consumption follows.  For a 200°C shift, the FOSC 

decreases from 290MHz to 196MHz, and the power consumption decreases from 1.52mA 

to 1.18mA.  NMOS and PMOS transistors operating at high temperature have a lower VT 

but also lower carrier mobility – the lower mobility reduces ON current and therefore 

reduces the switching speed of individual inverters, and the slower operation results in less 

power consumption at high temperatures.  These results are representative of any logic 

circuit with performance dominated by switching and total power consumption dominated 

by dynamic power dissipation. 
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Figure 5.9.  (a) Microphotograph of ring oscillator circuit for temperature experiments (b) 

Schematic of ring oscillator circuit. 
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(a) 
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Figure 5.10. Ring oscillator output frequency and IDD, measured from T=25°C to T=225°C 

(VDD=3V, VBS=0 for all devices) 

 

 

 

Characterizing this circuit with additional NBODY and PBODY biases demonstrates that body 

biasing strongly impacts the FOSC and power consumption of the ring oscillator.  Results 

with NBODY, PBODY, and dual NBODY/PBODY biases at room temperature are shown in Figure 

5.11, and the curves show ring oscillator frequency as a function of VBS.  
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 The impact of individual device results as discussed in Chapter 3 – specifically the 

saturation observed in the VT shift vs. VBS for the PMOS transistor– has a clear impact on 

the ability to shift ring oscillator frequency using a body bias.  The use of an NBODY bias 

alone has little impact for VBS < –2V, for a maximum shift of less than 50MHz from 

nominal oscillation frequency.  This trend is consistent with device data shown in Figures 

3.9 and 3.10.  Alternatively, the NMOS VT can be shifted higher and higher with a 

progressively more negative PBODY bias.  Since NMOS devices do not display VT saturation 

with VBS, the ring oscillator can be shifted to a much lower frequency, as shown in Figure 

5.12, and ring oscillator frequency drops linearly with negative VBS.  A dual bias – that is,  

Figure 5.11. Ring oscillator output frequency measured from T=25°C to T=225°C, VDD=3V  

 

biasing of both NBODY AND PBODY simultaneously – reduces switching speed for both 

NMOS and PMOS devices.  For the dual bias case, at small VBS, the output frequency 

displays a much larger output frequency shift than either of the single bias conditions.  At 

larger VBS (beyond –2V), the dual bias case follows the slope of the PBODY curve since the 
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NBODY bias is no longer contributing at large VBS.  So if the PMOS VT saturates, this limits 

the ability of the dual bias approach to provide significant ring oscillator performance 

control. 

Next, the impact of dual NBODY/PBODY biasing is evaluated over temperature.  

Figure 5.12 displays ring oscillator output frequency vs. temperature and dual NBODY/PBODY 

bias.  A horizontal line drawn across this set of curves intersects points of constant 

frequency achieved through VBS biasing, as shown below.  Although the results are 

presented for 25°C to 225°C, the temperature range can be increased by adding results for 

lower/higher temperatures, which would add more curves on the left /right side of the plot.   

 

Figure 5.12. Ring oscillator output frequency vs. NMOS/PMOS VBS measured from T=25°C 

to T=225°C, VDD=3V. 
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Figure 5.13. Ring oscillator IDD vs. NMOS/PMOS VBS measured from T=25°C to T=225°C, 

VDD=3V. 

 

 

 

 Ring oscillator IDD vs. VBS is shown in Figure 5.13 for temperatures ranging from 

25°C to 225°C.  As described earlier, increased temperature degrades performance and 

reduces dynamic power dissipation.  A horizontal line drawn across on this set of curves 

intersects points of constant power achieved by VBS biasing.  

There are two key points illustrated in the data shown in Figures 5.12 and 5.13.  

First, the wider the temperature range for which to compensate, the larger the range of VBS 

required, i.e. the horizontal line spanning the full range of VBS grows longer.  Second, the 

true impact of the NBODY VT saturation can be seen in Figures 5.12 and 5.13 through the 

flattening of the curves at large VBS.  This effect forces the use of larger VBS than if PMOS 

VT did not saturate.  Ideally, without VT saturation, these curves would have a steeper slope 

and offer more parametric shift per volt of VBS. 
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The electrical results above specifically address higher temperature.  Though the 

characterization equipment used in this project does not allow for ring oscillator testing at 

low temperatures, the device models developed above can be used to evaluate the approach 

for low temperatures. Figure 5.14 displays ring oscillator output frequency vs. temperature 

and dual NBODY/PBODY bias for T=25°C, -58°C, and -158°C and VDD=3V.  A horizontal line 

drawn across this set of curves intersects points of constant frequency across temperature 

achieved through VBS biasing.  For VDD=3V, for a given VBS bias condition, ring oscillator 

frequency continues to increase as temperature drops.  For subnominal VDD, as VDD drops, 

the frequency vs. VBS bias curves shift such that the low temperature curves actually drop 

below the higher temperature curves.  This trend can be observed in Figure 5.15 for 

VDD=2V and VDD=1.8V.  As VDD is pushed down to a lower multiple of nominal VT, 

shifting VT to a higher value via a body bias results in lower transistor drive current, which 

can no longer be offset by the higher mobility resulting from lower temperature.  

Consequently, as VBS increases for low VDD, the oscillator frequency at T= -158°C is 

actually lower than for T= 25°C.   

 

 

Figure 5.14. Ring oscillator output frequency vs. NMOS/PMOS VBS simulated from T=25°C 

to T=-158°C, VDD=3V. 
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Figure 5.15. Ring oscillator output frequency vs. NMOS/PMOS VBS simulated from T=25°C 

to T=-158°C, for (a) VDD=2V and (b) VDD=1.8V. 
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5.4.2 Voltage Controlled Oscillator 

 

The second demonstration circuit is a quadrature voltage controlled oscillator 

(VCO) designed by Shep Pitts for use in a space transceiver PLL [87].  A schematic of the 

circuit is shown in Figure 5.16.  An optimized VCO design offers wide tuning range and 

sufficient voltage swing while minimizing power dissipation.  Optimizing the design for 

space applications is challenging since power must be carefully managed and temperature 

can range from -230°C to over 180°C.  The design shown in Figure 5.16 includes a tail 

transistor used to reduce power by limiting the VCO current to the minimum amount 

required to sustain operation at unity loop gain. Using both an NMOS and PMOS pair to 

amplify the output swing and further reduces the required current. The target specs for the 

VCO include 100 MHz tuning range with a center frequency of 450 MHz while meeting a 

minimum signal swing of 100mV peak to peak.  While this circuit offers high performance 

and meets these specs under nominal conditions, operation in space requires robust 

performance across a very wide temperature range.  The modeling efforts described above 

improved model accuracy at very low temperature, and these refined models can be used to 

simulate the PLL circuit for temperatures between -158°C to 23°C.  In the baseline PLL 

design, the current through the VCO ensuring proper GM is set by the bias to the gate of the 

NMOS tail transistor. The gate bias alone (“VCO Bias” in Figure 5.16) cannot provide the 

desired tuning range and output swing over temperature, as the tail current diverges from 

unity loop gain, causing improper operation of the VCO. 

        The strategy proposed here achieves temperature compensation using a tail transistor 

body bias. By applying a temperature-dependent body bias to the tail transistor, the current 

supplied to the VCO can be adjusted.  This approach, with gate and body biases, can meet 

the target circuit specifications across the wide temperature range.  The simulated VCO 

response over temperature as a function of tail current VBS bias is shown in Figure 5.17 - 

the figure illustrates the body bias required to sustain desired performance targets.  An 

effective compensation strategy would allow for compensation over the full range of 

temperature with a reasonable set of biases.  It can be seen in Figure 5.17 that VCO 

response can be adjusted to span the range of 400MHz to 500 MHz, and sustain a voltage  
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Figure 5.16. Schematic Diagram of Quadrature Voltage Controlled Oscillator (VCO) Circuit,  

(a) Q+/- and (b) I+/- 

 

 

swing of 100mV, with VBS from 0V to -0.3V for a temperature range of -250°C to 200°C.  

300mV is a modest range vs. VDD, these values can be obtained through proper design of 

the VCO LC tank, and limiting values to reverse bias eliminates leakage associated with 

forward-biased body-source diodes. 

(a) 

(b) 



 113

 

 

Figure 5.17. NMOS tail transistor VBS bias required to sustain VCO performance vs. 

temperature for “old” and “new” models.  Improvcd accuracy of models at low temperature 

indicates a smaller VBS range required over temperature. 
 

 

 

5.5 Compensation at Process Corners 

 

A typical semiconductor manufacturing flow includes hundreds of process steps, 

each of which can vary to a certain degree.  Many physical (and therefore electrical) 

characteristics are specified such that they fall within a certain range of acceptable values, 

and the actual values will vary from die to die, and wafer to wafer.  Examples of physical 

characteristics that vary include feature linewidth, which can vary due to photolithographic 

and etch steps, and junction depth, which can vary due to implant and anneal steps.  The 
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ultimate impact of this cumulative process non-uniformity is variation in device 

characteristics.  This variation is captured in the device models as the process corners 

where NMOS and PMOS transistors are designated “typical”, “slow”, or “fast”.  NMOS 

and PMOS transistors use many dissimilar process steps, so it is possible that fast NMOS 

and slow PMOS devices can be found on the same die.   

Circuit designers simulate at all process corners to verify that individual designs are 

functional across the full range of process variations.  However, for a given design, it is 

possible that process variations can lead to suboptimal performance.  Slow transistors can 

shift yielding parts to a slower (and less desirable) speed bin.  The combination on fast 

NMOS and slow PMOS (and vice-versa) can lead to timing errors.  For these and other 

reasons, it would be useful to provide in-situ, discrete adjustments to individual transistors 

or groups of transistors to pull their performance within a narrower range of specifications 

and mitigate the impact of process variations.  As shown above, a body bias technique can 

be used to shift device characteristics, and if this shift is large enough, it might be used to 

compensate for process variations.  

 Simulation results for NMOS and PMOS transistors at fast, nominal, and slow 

device models are shown in Figure 5.18 and 5.19.   The impact of and compensation for 

process variations in the context of circuit examples is discussed in the next two sections. 

 

 

5.5.1  Ring Oscillator  

Performance of the ring oscillator test circuit described in Figure 5.10 will vary as a 

function of device models, and Figure 5.20 displays performance across process corners.  

As expected, faster devices enhance oscillator speed while slow devices degrade 

performance.  Figure 5.21 displays the impact of NMOS/PMOS body bias on nominal 

circuit performance for high and low VDD.  For compensation via a body bias technique to 

be effective, the change in circuit performance over the full range of bias values must 

exceed the shift brought about by process variations.  For example, it can be seen in Figure 

5.21(a) that, for VDD=3V and a baseline VBS = -2V, fast output frequency can be shifted to 

typical values for VBS = -5V while slow devices can shifted to nominal values for VBS =  
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Figure 5.18. NMOS IDS-VGS characteristics for fast (FF), typical (TT) and slow (SS) device 

models. 
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Figure 5.19. PMOS IDS-VGS characteristics for typical (TT), fast (FF) and slow (SS) device 

models. 
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Figure 5.20.   Ring oscillator output frequency vs. VDD simulated with typical (TT), fast (FF) 

and slow (SS) device models, VBS=0 for NMOS/PMOS. 

 

 

 

0V, for a total tuning range of 5V.  Rather than use a nominal VBS = 0V, a slightly negative 

nominal values for VBS avoids the need to use positive VBS for slow devices and eliminates 

static diode leakage arising from a forward-biased diode at each source node.   The 

difference in output frequency between oscillators with fast devices (FF) vs. oscillators 

with slow devices (SS) shrinks as VDD drops, as seen in Figure 5.21.  A smaller difference 

between fast and slow requires a smaller range of VBS biases to achieve process 

compensation.  In Figure 5.22(b), with VDD=1.8V and a baseline VBS = -2V, oscillators 

with fast devices can be shifted to typical values for VBS = -3.8V, while slow devices can 

shifted to nominal values for VBS = -0.7V, for a total process compensation tuning range of 

3.1V. 

 For the ring oscillator circuit analysis above, only the slow (SS) and fast (FF) cases, 

where both the NMOS and PMOS shift in the same direction, are illustrated.  For this  
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Figure 5.21.   Ring oscillator output frequency vs. NMOS/PMOS VBS simulated with typical 

(TT), fast (FF) and slow (SS) device models for (a) VDD=3V and (b) VDD=1.8V. 
 

(a) 

(b) 
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application, these corners represent the “worst case” conditions for the sake of process 

compensation, moreso than the FS (fast NMOS / slow PMOS) and SF (slow NMOS / fast 

PMOS) corners.  In contrast, an SRAM application is considered below where FS and SF 

corners are the “worst case” corners. 

 

 

5.5.2 SRAM 

Process variations that impact transistor characteristics can degrade circuit 

performance.  For example, consider the case of an SRAM.  An SRAM circuit uses arrays 

of six-transistor bitcells to store high or low values, and a schematic of the SRAM bitcell is 

shown in Figure 5.22.  Two cross-coupled inverters, each comprised of a single NMOS and 

PMOS transistor, are used to store the desired value on the storage nodes SN and SNB.  

Storage nodes are connected to the bitlines through pass (or “access”) transistors.  To write 

a value to the bitcell, the bitlines are charged to the desired value and the wordline is 

strobed.  To read a value from the bitcell, the bitlines are precharged high and the wordline 

is strobed; the voltage on one of the bitlines is pulled down due to the stored low value in 

the bitcell, and this voltage shift is detected by sense amplifiers connected to each bitline. 

Critical parameters for SRAM design include cell size, power consumption, 

read/write time, and static noise margin (SNM).  For low power design, SNM is the most 

critical parameter since SNM scales with VDD.  SNM is the amount of noise required to 

“flip” the bitcell contents, and a large SNM is desirable.  The SRAM voltage transfer curve 

shows the relationship between the two storage nodes SN and SNB, and the maximum 

diagonal between the curves defines the static noise margin.  Worst-case deviation from the 

nominal voltage transfer curve occurs for fast/slow (FS) and slow/fast (SF) process corners.  

As the voltage transfer curve shifts left or right, the maximum diagonal defining the SNM 

grows and shrinks substantially.  Figures 5.23 and 5.24 show simulated voltage transfer 

curves for nominal (3v) and subnominal (1.5V) VDD.    
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Figure 5.22.   Schematic of 6-Transistor SRAM Bitcell  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23.   SRAM Voltage Transfer Curves during READ access for typical (TT), slow/fast 

(SF), and fast/slow (FS) devices for VDD=3V.  Static Noise Margin (SNM) measurement 

illustrated – for SF devices, 210mV SNM increase with NMOS VBS = -900mV. 
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Figure 5.24.   SRAM Voltage Transfer Curves during READ access for typical (TT), slow/fast 

(SF), and fast/slow (FS) devices for VDD=1.5V.  Static Noise Margin (SNM) measurement 

illustrated – for SF devices, 64mV SNM increase with NMOS VBS = -900mV. 
 

 

 

In Figures 5.23 and 5.24, the “FS” (fast NMOS and slow PMOS) voltage transfer 

curve, which is a plot of SN voltage vs. SNB voltage, has shifted to the left such that SN 

starts to decrease for a lower value of SNB.  This reduces static noise margin and makes 

the bitcell more prone to errors induced by noise.  Applying a negative body bias to the 

NMOS bitcell transistors increases the NMOS VT and shifts the voltage transfer curve to 

the right, closer to the “TT” (typical NMOS and typical PMOS) curve.  This shift increases 
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the bitcell SNM by 210mV for VDD=3V and 64mV for VDD=1.5V, and nearly restores the 

SNM to its nominal value. 

 

 

5.6 Conclusions 

 

A body bias technique for compensation of temperature and process variations was 

proposed and analyzed using simulation and electrical test structures.  Using a targeted 

body bias, ring oscillator performance and power characteristics could be adjusted to 

compensate for a wide temperature range.  Moreover, a voltage controlled oscillator output 

signal swing and tuning capabilities were sustained over a wide temperature range using a 

tail transistor body bias.  Process variations also impact circuit performance.  For all 

process corners, the use of a targeted body bias provided adequate compensation to restore 

circuit performance.  In the case of SRAM static noise margin, the body bias technique 

prevented degradation of SNM due to process variation for nominal and subnominal VDD.   

This technique is simple and straightforward, and has particular value for space 

applications where a wide temperature range is typical and alternatives, such as payload 

heating, are costly.  This technique may also be useful in cases where process corners have 

a strong impact on chip yield, since circuit characteristics can be adjusted in situ to 

compensate for manufacturing variations. 
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CHAPTER 6  CONCLUSIONS 

 

 

6.1  Summary 

 

 Logic gates were developed using a novel device topology and evaluated using 

simulation data supported by baseline results from electrical test structures. The integrated 

drain-body transistor (IDBT) concept was used to locally and dynamically reduce 

MOSFET VTH, increase switching speed, and improve circuit energy delay product.  For all 

structures, the dynamic body bias provided improved logic cell performance vs. 

conventional source-tied cell designs. Electrical results demonstrated that, for a given 

performance target, the IDBT approach enables use of lower VDD, reducing power 

consumption.  Finally, the modified H-gate structure with parasitic IDBTs across the 

polysilicon extensions offers these improved power/performance characteristics with 

minimal area penalty. 

The temperature range seen by space electronics is wider than standard commercial 

specs or even military specs.  A single-chip radio ASIC on a satellite or lander vehicle may 

be expected to operate from -200ºC to over 200ºC.  In this environment, the stabilization of 

key circuit parameters across temperature is critical.  Here, a targeted substrate bias was 

used to compensate for a wide temperature range and sustain performance.  Similarly, 

variations in device parameters due to process variations were also compensated using this 

technique, with ring oscillator and SRAM circuits used as test vehicles. 

Finally, this work exposed marginalities in the models for the Honeywell MOI5 

device.  Specifically, at low temperatures, the predicted characteristics obtained via 

simulation diverged substantially from electrical data.  Moreover, at all temperatures, the 

PMOS device simulation results displayed incorrect body factor.  To design circuits as 

proposed in this work, it is critical that the device models are as accurate as possible.  Here, 

the existing models were improved by modifying temperature parameters based on 

electrical results from a series of single-device test structures. 
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6.2  Future Work 

 

 There are several opportunities to build upon this work.  The first opportunity 

relates to scaling. Although the Honeywell PD-SOI process is attractive for space 

applications due to its radiation hardness, this technology is not “state-of-the-art” with 

respect to critical dimensions, design rules, or process options.  A deep submicron process 

with aggressive design rules would offer greater opportunity to exploit the potential of 

active body bias for performance, low power, and temperature/process compensation.  For 

example, a typical “local interconnect” process would enable much smaller contacts to the 

transistor body node compared to the Honeywell process – this would reduce the area cost 

of body bias techniques and therefore make this approach even more attractive.  While 

physical and electrical scaling has been discussed and evaluated in Chapters 4.4 and 4.5, 

the next step would involve fabrication of circuits using deep submicron process 

technology.   

 The second opportunity involves larger, more complex designs.  The representative 

circuits fabricated in this work were generally small circuits, with less than several hundred 

transistors.  While smaller circuits allow for a more detailed analysis of the fundamental 

effects determining performance and power consumption, the next step would involve 

fabricating larger circuits.   The circuit in Figure 5.16 would be an excellent candidate. 

 A final opportunity involves further characterization of devices and circuits in 

extreme environments.  In this work, high temperature circuit results and low temperature 

device results were used to investigate PD-SOI technology from -158°C to over 200°C.  

Unfortunately, constraints in the characterization equipment did not permit high-speed 

testing at low temperatures – this capability would be useful.  Moreover, the modeling 

effort performed in this work could be extended and refined.  This would allow better, 

more accurate circuit design for extreme environments. 
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