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Abstract

Power dissipation is an important factor in electronic circuit design due to the
decreasing feature size of microelectronic devices, high clock frequencies, and large
die size, as well as the growing number of mobile, battery-operated systems. The aim
of low-power design for battery-powered devices is thus to increase battery service
life while meeting performance requirements. Reducing power dissipation is a design
goal for portable and non-portable devices since extreme power dissipation results in
increased packaging and cooling costs as well as potential reliability problems.
Recently, Silicon On Insulator (SOI) devices have been used that exhibit vertical and
horizontal isolation of active devices from the substrate, which leads to higher speed
operation and low leakage current. However, SOI devices have serious drawbacks
such as the kink effect and self-heating. In this thesis, a new Metal-Oxide
Semiconductor Field-Effect-Transistor (MOSFET) structure design is introduced to
eliminate the kink effect and self-heating, and to reduce power dissipation while still
keeping in consideration the advantages of others such as Bulk and SOl MOSFETSs.
The new structure is called SELective Buried OXide MOSFET (SELBOX). This
transistor combines the advantages of the Bulk and SOI while eliminating the

drawbacks.

This thesis reviews the various power dissipation reduction methods available in the
literature. Next it proposes the structures of Bulk, SOI, and SELBOX for NMOS,
PMOS, and CMOS over the first stage followed by a simulation to obtain current-
voltage characteristics and static power dissipation. The various MOSFET structures
are evaluated in terms of power dissipation. Simulation results will show that the
static power dissipation of the Bulk MOS as a single transistor is less than others due
to the slow increase in the drain current. Also, SELBOX behavior is very close to
Bulk with the advantages of SOI. Simulation results of the CMOS devices show that
the static power dissipation of Bulk MOS is very high due to well leakage. SOI has
the lowest power dissipation and SELBOX is very close to it. In all cases, SELBOX
structure succeeded in reducing power dissipation with a high operating speed,

elimination of self-heating, and without a kink effect.

Search terms: Bulk, SOI, SELBOX, kink effect, self-heating, power dissipation,

internal capacitance, threshold voltage.



Table of Contents

N 01 1 = Tod TP PP 6
LISE OF FIGUIES ...ttt ettt ettt et 9
LISt OF TaDIES. ..ottt e e e e e e 12
LiSt OF ADDIEVIALIONS ....eeieeii ettt e e e e ennee e 13
Chapter 1: INTrOQUCTION ........eiiiiii et 14
1.1 Problem StatemMeNt........cc.vei it 14
1.2 Thesis methodology and OULIINE ..o 17
1.3 TNESIS OFQANIZATION .....cuvieiiiiiie ittt 23
Chapter 2: MOSFET DEVICES .....uvieiiiiiieiiiesiee ettt 25
200 I 1011 0o [0 Tox o PSPPSR 25
2.2 HISTOTY ..ttt ettt ettt 25
2.3 MOSFET teChNOIOQY ....cvvieiieiiie it 25
2.3.1 MOSFET threshold VORAge..........ccooiiiiiiiiiiii e 25
2.3.2 MOSFET DOAY EfFECT. .....eiiiiiiiieiie et 27
2.3.3 Channel length modulation. ...........ccccooiveiiie e 27
2.3.4 Subthreshold 16aKage. .........eveiiiieiiie et 28
2.3.5 Internal CapaCITANCE. .......ccviieiiiee ittt e e sree e 29

2.4 Silicon on INSUIALOr (SOI)....uieiiiee e 30
2.4.1 Advantages and disadvantages of SOl deViICeS. ........cccccvvveiviveiiieeeiiie e, 31

2.5 Complementary Metal-Oxide— Semiconductor (CMOS)..........cccceviveeviiveesivenenne, 34
2.5. L BUIK CIMOS. ...ttt ettt nne s 34
2.5.2 SOI CIMOS. ...ttt ettt et et e e ne e reenne s 34
Chapter 3: LILErature REVIEW .........ccuviiiiiieciiie e cies e see e te et se e staa e et e e anrae e e 37
3.1 POWET dISSIPALION ....eeeveieeciiie ettt e s et e e et e e e srae e e enra e e anreee e 37
3.2 Power reduction tECHNIQUES ........eeiuiee ittt 38
Chapter 4: Simulation of Device Fabrication ...........cccccccoveiiii i 44
4.1 DEVICE TIMENSIONS ....euviieiieiiiie ittt iee st e sttt e et e et e et e bt e sreeebeeanbeenreeas 44
4.1.1 SINGIE EVICE. ...eeiiiiie ettt 45
4.1.2 CIMOS GEVICES. ...eevieeniieiiiie ettt site ettt ettt et snae et e anees 46

4.2 DEVICE PAFAMELEIS ....eeitiieeitiieeiiee e ettt e e etee e st e e et e e st e e et e e s stb e e e srbe e e srteeesntaeeanreeeanes 47
4.3 Calculation of threshold voltage for Bulk NMOS ..o 48

7



4.4 Calculation of mobility for N- channel and P-channel MOSFETS..........cccccccvee.ne. 49

Chapter 5: Power Dissipation of Single DEVICES .........cccvviiiiiiiiiienieeiie e 51
5.1 N-Channel MOSFET ...ttt 51
5.2 P-Channel MOSFET .....ooiiiiiiiiie et 58
5.3 StatiC POWET AISSIPALION.......c..viiiieiiiieiee ettt 64

5.3. 1 NMOS GBVICES. ...ttt sttt nnee s 64
5.3.2 PIMIOS ABVICES. ...ttt ettt ettt nnee s 66

Chapter 6: Power Dissipation 0f CMOS DEVICES ........cccueeiiiiiiiiiieniieiiee e 69
6.1 CMOS @S BUIK ...ttt 69
S 1171 1551 © 1 ST 76
6.3 CMOS SELBOX ... ..iiiiiiiiitieiiieitteee ettt ettt ettt neesreenne e 78
6.4 COMPAIISON ...ttt ettt ettt ettt ettt s ettt e et e e b e e be e nbeeanbeennee s 81

6.4.1 First stage: Input voltage less than threshold voltage (0.6 V). ......ccccceevieninenn 81
6.4.2 Second stage: Input voltage less than VDD/2. ........ccccoovveiiiveiiiie e, 81
6.4.3 Third stage: Input voltage greater than VDD/2. ........cccccocevviiiiiiiiiiiiieiiecn 82
6.4.4 Forth stage: Input voltage greater than (VDD- VTH). .....ccccoviiiiiiiieiiicnnnn 83

Chapter 7: CONCIUSION ...t e et e e e e annes 84
7.2 CONCIUSION ...ttt et et e e snbeenree s 84
T 3 FULUIE WOTK. ..ottt nree s 85

RETEIENCES ... ettt s 86



List of Figures

Figure 1: Increasing power dissipation at shrinking process nodes [2]...........c.......... 14
Figure 2: Power dissipation of N-channel Bulk MOSFET at Vgs = 50% of V1....... 17
Figure 3: BUIK MOSFET SErUCTUIE ........ciiiiiiiie e 18
Figure 4: SOI MOSFET StIUCIUIE ......couviiiiiieiie ettt 19
Figure 5: Kink effect I SOI .....ocuviiiiiii e 20
Figure 6: SELBOX MOSFET StFUCLUIE ......coovviiiiiiiiieiieeiee e 21
Figure 7: SELBOX SUBSEIALE ........ooiiiiiieiiieiee e 22
Figure 8: Kink effect reduction in SELBOX .........ccociiiiiiiiiiiieiie e 23
Figure 9: Self- heating reduction in SELBOX.........cccciiiiiiiiiiniiiiie e 23
Figure 10: Channel length modulation .............ccceiiiiiiiiii e 28
Figure 11: Distribution of the internal capacitances in Bulk MOSFET .................... 30
Figure 12: Cross section of Bulk and SOl MOS deVICES ..........cccevriveiiienieiiiieiieene 32

Figure 13: Cross section of Bulk CMOS inverter illustrating leakage components ... 34

Figure 14: Cross section of SOl CMOS inverter illustrating leakage components .... 35

Figure 15: Leakage currents directions in Bulk MOSEFT .........cccccccoveiiieeiiie e, 37
Figure 16: Bulk structure with illustrated dimensions..........cccccccvveviveeiiieesiie e 44
Figure 17: N-channel BulK StFUCIUIE .........ccvveiiiie e 52
Figure 18: Drain current versus gate voltage for N-channel Bulk MOSFET at
VDSTLV ettt ettt ettt nre s 52
Figure 19: Drain current versus drain voltage for N-channel Bulk MOSFET ........... 53
Figure 20: Leakage current versus drain voltage for N-channel Bulk MOSFET at

VW GST0.4V .ottt a e nres 53
FIQUIE 21: SOI SIIUCLUIE ...ttt e e et e e nae e anrne e 54
Figure 22: Drain current versus gate voltage for N-channel SOl MOSFET at
VDSTLV ettt a et nre s 54
Figure 23: Drain current versus drain voltage for N-channel SOl MOSFET ............. 55
Figure 24: Leakage current versus drain voltage for N-channel SOl MOSFET at

VW GSZ0.4V .ot 55
Figure 25: N- channel SELBOX StrUCIUIE........c..eeiiieeiiiec e 56
Figure 26: Drain current versus gate voltage for N-channel SELBOX MOSFET at
VDSTIV ettt 56

Figure 27: Drain current versus drain voltage for N-channel SELBOX MOSFET .... 57
9


file:///U:/my%20paper/thesis/Dana's%20thesis13-1.docx%23_Toc440549572
file:///U:/my%20paper/thesis/Dana's%20thesis13-1.docx%23_Toc440549579
file:///U:/my%20paper/thesis/Dana's%20thesis13-1.docx%23_Toc440549578
file:///U:/my%20paper/thesis/Dana's%20thesis13-1.docx%23_Toc440549582

Figure 28: Leakage current versus drain voltage for N-channel SELBOX MOSFET at

VWV GST0.4V oot a e e e S7
Figure 29: P-channel BUlK SErUCTUIE...........c.oooiiiiiiiiec e 58
Figure 30: Drain current versus gate voltage for P-channel Bulk MOSFET at
VSDTLV i et a e 58
Figure 31: Drain current versus drain voltage for P-channel Bulk MOSFET. ........... 59
Figure 32: Leakage current versus drain voltage for P-channel Bulk MOSFET at
VSGT 0.4V ..ottt ettt et neene et et neene e 59
Figure 33: PMOS SOI SETUCLUE ........coiiiiiiieiie e 60
Figure 34: Drain current versus gate voltage for P-channel SOl MOSFET at

VSDTLV i a et e e e 60
Figure 35: Drain current versus drain voltage for P-channel SOl MOSFET ............. 61
Figure 36: Leakage current versus drain voltage for P-channel SOl MOSFET at
VSGZ0.4V .ottt ettt ettt ne et neene e 61
Figure 37: PMOS SELBOX SIIUCTUIE .....cuviiiiiiiiesiiceiie st 62
Figure 38: Drain current versus gate voltage for P-channel SELBOX MOSFET at
VSDTLV ettt 62
Figure 39: Drain current versus drain voltage for P-channel SELBOX MOSFET..... 63
Figure 40: Leakage current versus drain voltage for P-channel SELBOX MOSFET at
VSGT0.4V .t 63

Figure 41: Power dissipation of Bulk, SOI, and SELBOX for NMOS at VGS=0.4V 64
Figure 42: Power dissipation of Bulk, SOI, and SELBOX for NMOS at VGS=1V... 64
Figure 43: Power dissipation of Bulk, SOI, and SELBOX for NMOS at VGS=1.5V 65
Figure 44: Power dissipation of Bulk, SOI, and SELBOX for NMOS at VGS=2V ... 65
Figure 45: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG= 0.4V 66
Figure 46: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG=1V .. 66
Figure 47: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG= 1.5V 67
Figure 48: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG=2V .. 67

Figure 49: Bulk CMOS SEIUCLUIE ......cccvieeiiie e 70
Figure 50: Drain current versus gate voltage for NMOS part...........ccccccovveiiieennnnnnn 70
Figure 51: Drain current versus gate voltage for PMOS Part...........c...cccoeeviveeinnnnn 71
Figure 52: Power versus input VOIAQE ...........cocvviiiieiiiiec e 72
Figure 53: Regions Of OPEratioN...........cociuiiieiiiiiiee it e esiete e e e e e e srrea e 72



Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:

Comparison between the simulated and modeled powers. ...........c.cccceee. 76

CMOS SO SETUCKUIE. ...ttt 77
Drain current versus gate voltage NMOS SOl........cccocoviiiiiiniciiien, 77
Drain current versus gate voltage for PMOS SOl .........ccccooviiveiiiennnnne, 78
Power Versus iNPUE VOIRAGE .........ccveiiiiiiieiieeiie e 78
CMOS SELBOX StIUCTUIE ...ttt 79
Drain current versus gate voltage for NMOS SELBOX...........cccccverunene. 79
Drain current versus gate voltage for PMOS SELBOX ..........cccccccvevnennn 80
Power versus input voltage for CMOS SELBOX ........cccccccvveviieeiiieennnee. 80
Power versus input voltage in the subthreshold region (LOG Form)........ 81
Power versus input voltage less than 1.5V (LOG Form)..........cccccceevneee. 82
Power versus input voltage greater than 1.5V (LOG Form)..................... 82
The Power versus input voltage greater than 2.4V (LOG Form)............... 83

11



List of Tables

Table 1: Dependence of subthreshold leakage on device parameters...........c.ccccevcvvennnen. 29
Table 2: Bulk’s dimensions as SiNgle deVICe ...........ccceiuiiiiiiiiiiie e 45
Table 3: SOI’s dimensions as SiNgle dEVICE .........ccceriviiriiiiiiiiie e 45
Table 4: SELBOX’s dimensions as Single deVICe ..........corvuviriiieriiieiiiieiiiieesiee e 46
Table 5: CMOS BUIK QIMENSIONS .....c.vviiiiiiiieiie ittt 46
Table 6: CMOS SOI dIMENSIONS......cccuiiiiieiiieiie ittt 47
Table 7: CMOS SELBOX AIMENSIONS ......coiuviiiieiiiiesiiiesiie sttt 47
Table 8: DEVICE PArAMELEIS. .......uieiiieiie ittt ettt 48
Table 9: Result of the fIrSt regioN..........oooiiiiiii e 73
Table 10: Results of the SECON FEGION ........c.uiiiiiiiiiiii e 74
Table 11: Results of the third region ............ccoiiiiieiii e 75
Table 12: Results of the FOUrth region ............cooveiiiiiiin e 75
Table 13: Results of the fifth region ..o 76

12



MOSFET

SELBOX

CMOS

NMOS

PMOS

SOl

PD SOI

FD SOl

IC

RDF

SHE

CL

List of Abbreviations
Metal-Oxide-Semiconductor Field-Effect-Transistor
Selective Buried Oxide MOSFET

Complementary Metal Oxide Semiconductor
N-channel MOSFET

P-channel MOSFET

Silicon On Insulator

Partially Depleted Silicon On Insulator

Fully Depleted Silicon On Insulator
Integrated Circuit

Random Dopant Fluctuation

Self-Heating Effect

Active Load

13



Chapter 1: Introduction

Microelectronic integrated circuit chip complexity continues to increase with more
added operations, which require more power consumption. In modern mobile
communication systems, there are several operations taking place in one device
including video streaming, multimedia operations, Wi-Fi connections, memory
transfer, and computer programs. These operations increase power dissipation and
decrease efficiency, and may even damage the system. Therefore, power dissipation
reduction is required to increase battery life, reduce energy costs, reduce the use of

natural resources, and increase system reliability.

1.1 Problem statement

Static Complementary Metal Oxide Semiconductor (CMOS) devices in relatively
long transistor channel technologies are very power efficient. But, in modern
technologies, static power consumption is a primary design constraint because of the
gradually decreasing transistor feature size. Technology scaling is increasing both the
relative and absolute contributions of static power dissipation [1]. A closer look at the
current state of the art technology will reveal that static power dissipation is growing
at a faster rate than dynamic power dissipation. Before few processor generations, the

curves were intersected as shown in Figure 1.

Static Power Significant at 80 nm
100
1 Dynamic
Power
$
=
a
=
k-] 0.01
E Static Power J
& {leakage) f
z J
0.0001
0.0000001
Year 1990 1805 2000 2005 2010 2015 2020
Technology Node (nm) 500 350 250 180 130 90 65 45 22

Figure 1: Increasing power dissipation at shrinking process nodes [2]
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Using scaling theory, Borkar predicts that leakage power increases five times every
generation, while active power remains approximately constant [3]. Because leakage
current flows from every transistor that is powered on, with decreasing die sizes and

integration, static power will become an important part of the total consumed power.

Static power dissipation happens due to the following: subthreshold conduction
during the OFF state of the transistors, tunneling current through the gate oxide layer,
leakage through the reverse-biased diodes, and contention current in rationed circuits.
In this thesis, we will focus on subthreshold conduction, which has a valuable effect
on power dissipation and is reversely proportional to the gate size. In this region of
operation, the gate voltage has exceeded the weak inversion point, but is still below
the threshold voltage. Subthreshold conduction will be explained in detail in Chapter
2.

Several efforts have been made to reduce power dissipation, including changing
the architecture of the circuit design. These efforts were successful, but they also had
a significant drawback by increasing the cost and density on chips. One of these
techniques is the stack effect method [4] [5] [6], where the subthreshold leakages can
be reduced by forcing series transistors to be simultaneously off, or using reverse
body biasing to increase threshold voltages. Another method is called the several
dual-threshold voltage technique [7] [8]. In this technique, the threshold voltages of
the transistors stay with no changes during the active mode. However, during the
standby mode, the threshold voltages of the transistors increase so the leakage current
is reduced. A switched-source-impedance (SSI) CMOS circuit was also proposed as a
way to reduce the exponential increase of the leakage current with changing the
threshold voltage [9].

For logic circuits, there are several proposed techniques, one of which is the sleep
approach method [10] [11] [12]. In this technique, an additional "sleep”™ PMOS
transistor is located between the supply and the pull-up network of a circuit, and an
additional "sleep™ NMOS transistor is located between the pull-down network and the
ground. These sleep transistors turn off the circuit by cutting off the power rails. The
sleep transistors are turned on when the circuit is in active mode and turned off when

the circuit is in sleep mode. Another method for logic circuits is inserting an extra
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transistor in the large leakage path [13]. This procedure reduces the leakage current by
reducing the applied input. There was a journal article published in the same year,
which discussed leakage minimization using minimum leakage vector (MLV) control
[14] [15], in this technique, the leakage reduction is done only when the circuit is in
standby mode.

Going back to analog circuits, the GALEOR (gated leakage transistor) method is
proposed to reduce the static power dissipation in CMOS [16]; this technique requires
an additional two transistors for each CMOS. There were also techniques done by
changing something in the transistor such as using a low voltage supply [17] [18] [19]
[20] [21]. This method is about choosing an accepted low voltage supplier so that the
threshold voltage will decrease and according to this change, the leakage current will
be reduced. Another proposed method involves resizing the gate of the MOSFET [22]
[23]. Other authors introduced papers which suggested increasing gate oxide
thickness [24] [25] [26] [27]. A modern design for logic circuits was introduced [28].
The design employs dynamic voltage scaling to reduce the leakage power and it
recalls the data during the no action mode. The main idea behind this technique is that
it uses two leakage control transistors with different ground levels. These Three

techniques helped to reduce the power dissipation effectively.

Different fabrication techniques were also presented, such as designing new fully
depleted silicon on insulator (FD SOI) [29]. This process is done practically and it
helped to reduce power dissipation. However, it also has disadvantages that cannot be
ignored, like the kink effect and the self-heating effect. After that, the fabricated
transistor was improved by designing the Double Gate MOSFET [30] [31]. This
transistor was then used in circuits with an auxiliary MOSFET [32]. In [33], the
dynamic threshold-voltage SOI transistor was introduced. All these techniques will be
briefly explained in Chapter 3 with their advantages and drawbacks. The approach
that will be presented here takes another viewpoint, changing the fabricated SOI to
another structure which can eliminate the disadvantages and combine the Bulk’s and

SOI’s advantages. This method will save both money and space.
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1.2 Thesis methodology and outline

To illustrate how circuit design can reduce power dissipation, consider the power
dissipation inastandard N-channel Metal-Oxide-Semiconductor (NMQOS) with
channel length equal to 0.4 um used in an inverter circuit. Using computer simulation,
it is observed that during the ON state, an average power of 0.5 mW is consumed.
This power value drops to around 4 nW during the off state when the gate source
voltage Vgs is reduced to 50% of the threshold voltage V14 and the drain source
voltage Vpsisless than 3.5 V as shown in Figure 2.To reduce power
dissipation further, a Complementary Metal Oxide Semiconductor (CMQS) circuit is

used.

NMOS Bulk
Power versus Drain Voltage at VGS= 50% of VTH

—— Power (nW)

S

ha
\lll\l\lll\llllllll\l

(=]

Power (n\W)

-

=

0 0.5 1 1.5 2 2.5 3 3.5
Drain Voltage (V)

Figure 2: Power dissipation of N-channel Bulk MOSFET at Vgs = 50% of V1y

The CMOS dissipates power when both transistors are on during the short
switching time period. In a typical ON/OFF operation, the total average
power dissipation in a CMOS with channel length equal to 0.4 um would be in the
order of 0.35 nW at Vgs close to Vry [34]. This relatively low power value illustrates

the effectiveness of the circuit solution in reducing power dissipation.
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One main factor in CMOS static power dissipation is the leakage current which
occurs due to the subthreshold conduction during the off state of the transistor, where
the current leakage flows from drain to source in the cutoff state (Vgs<Vth).
Furthermore, ideally there should be no leakage through the isolated gate oxide layer
but typically there will be some, called “tunneling current”. There is also leakage
through the reverse biased diodes, where leakage happens between diffusion regions
and wells or between the substrates and wells. This leakage is very small compared to

the sub threshold and tunneling currents [35].

Unfortunately, the Bulk MOSFET shown in Figure 3 has some disadvantages
including high power dissipation, current leakage, low speed in operation due to the
high internal capacitance, and short channel effects.

Gate

Silicon substrate

Figure 3: Bulk MOSFET structure

To solve these issues, the SOl MOSFET shown in Figure 4 was introduced. The
SOI has succeeded in reducing leakage current, increasing the speed of operation due
to the reduction in the internal capacitance (specifically the drain-body capacitance),
and reducing the short channel effects [36] [37]. Nevertheless, the SOI has several

disadvantages including the kink effect, high power dissipation, and self-heating.
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Silicon substrate

Figure 4: SOl MOSFET structure

The SOI device consists of a dielectric layer between the two silicon layers; the
dielectric layer can be made of silicon dioxide. The top layer is known as the active
layer and the bottom layer provides mechanical support. SOI devices are fabricated on
the top layer as shown in Figure 4.

There are many advantages of SOI devices including reduction in the parasitic
capacitances that improves the operation speed. The gate capacitance remains the
same but with the buried oxide the parasitic capacitances in bulk MOSFETs will be
reduced: Cgs, Css, and Cps. Also, SOI devices have vertical isolation so that they are
isolated by dielectrics from each other and also from the underlying substrate, which
eliminates leakage. In addition, isolation from the substrate and from the adjacent
devices in the SOl CMOS gives the units a chance to function without latch up issues
and increases the density of integration. In the radiation field, the radiation is
minimized in SOIs due to the reduction in the exposed silicon volume. The active
silicon is very thin in SOI devices, so the majority of the charges that are generated by
the radiation will exist in the lower substrate and will be blocked by the buried oxide.

Hence, it will not affect the charges in the active layer.
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However, there are some disadvantages of SOI devices such as self-heating that
happens in fully depleted (FD) SOls and the partially-depleted (PD) SOI devices, and
the kink effect, that happens only in PD SOI devices. The kink effect causes
nonlinearity in the device due to the sharp increase in the drain current due to the
increase in the body potential and the associated drop in threshold voltage. This
operation happens because of the high electric field near the drain due to high drain

voltage as shown in Figure 5.

Depletion region

Silicon substrate

Figure 5: Kink effect in SOI

To reduce the kink effect and to have better performance in power dissipation, a
selective buried oxide (SELBOX) MOSFET was introduced as shown in Figure 6.

The solution to the kink effect was explained in [38].

Instead of covering the region below the device from the lower substrate
completely with oxide, we cover the regions below the drain, the source, and parts of
the region below the channel leaving a small gap under the channel to minimize the
increase in the body potential. That will lead to reduction in the kink effect; this

reduction depends on the selection of the gap width.
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Gap width

Silicon substrate

Figure 6: SELBOX MOSFET structure

The SELBOX is fabricated by following a specific procedure [39] [40]:

1. Silicon is used as a basic material for the substrate. Substrate is converted to P-
substrate if an NMOS is going to be fabricated or N-substrate if a PMOS is going
to be fabricated.

2. Box layer is inserted in several steps:

a. A thermal oxide layer is placed over the channel region as a mask with its
width proportional to the gap width.

b. The masked wafer is implanted with oxygen ions. The depth of the
oxygen ions depends on the energy used in implantation.

c. The mask is removed and the substrate is heated to convert the oxygen
implanted layer to an SIO; layer to yield the SELBOX substrate as shown
in Figure 7.

3. Oxidation over the wafer is done by using high-purity oxygen and hydrogen at
1000 degree centigrade.

4. Polysilicon is deposited over the gate oxide layer to create a connected gate.

5. The oxide layer is removed except the small area of the Gate.

6. Oxidation process is done again to form an oxidation layer on the wafer with

small region for the formation of the gate.
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7. Masking and diffusion are done by making small areas for the purpose of
diffusion then dopants are diffused or ion implanted to create the drain and source
terminals.

8. The remaining oxidation layer is removed.

9. Thick field oxide is formed in all regions except the terminals of the device.

10. Metallization is done by inserting aluminum on the whole wafer.
11. The excess metal is removed from the wafer layer.
12. The terminals of the device are made and labeled with their names.

Silicon substrate

Figure 7: SELBOX substrate
After these steps, the structure will be ready for testing as shown in Figure 6.

In simulation, all previous steps are done to build the structure except the box is
inserted in a different way — the silicon has to be etched from the desired places where
the box will be fixed. The area under the channel where the gap has to be is kept filled
with silicon, and then the oxide layer is injected in the substrate from the two edges to

fill the etched parts.

SELBOX, as mentioned earlier, has a small gap with length equal to 10% of the
channel length. This gap helps the lower part of the substrate to absorb the holes
generated by the electric field in the depletion region and keep them away from the

channel as shown in Figure 8. As a result, the device will have a body voltage lower
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than the SOI and the kink effect will be eliminated. SELBOX also reduces the self-
heating effect [41]. The gap will reduce thermal connections by working as a parallel
low resistor so the overall resistance will be reduced as shown in Figure 9. SELBOX
works as a Bulk but with high speed in operation due to the low internal capacitance
and with reduced short channel effect. In the next chapters, SELBOX will be

illustrated briefly.

High thermal Low thermal
resistance resistance

Silicon substrate Silicon substrate

Figure 8: Kink effect reduction in Figure 9: Self- heating reduction in
SELBOX SELBOX

1.3 Thesis organization

In this thesis, an introduction about different types of MOSFETSs will be discussed
with illustrating their power dissipation. After that, a literature review about different
efforts which were done to reduce power dissipation will be presented. Then, the
proposed method with the needed mathematical models will be shown followed by

description of the devices and the results.
The rest of the thesis is organized as follows:

Chapter 2 provides information about the Metal-Oxide—Semiconductor Field-Effect
Transistor (MOSFET) that is required to understand the topic. Bulk MOSFETSs and
Silicon on Insulator (SOI) MOSFETS are introduced.

Chapter 3 includes the literature review conducted on various existing techniques

used to solve the power dissipation problem. Many approaches are presented on the

23



design of the circuit. The advantages and drawbacks of each of these techniques are
also briefly mentioned in this chapter.

Chapter 4 introduces the device parameters. The parameters used in this study are
related to the standard parameters published in various literature sources.

Chapter 5 covers the power dissipation of single devices. The NMOS and PMOS are
shown with their current-voltage and power characteristics. Bulk Structure will be
introduced followed by the SOI and the proposed SELBOX structure, respectively.

Chapter 6 presents the power dissipation of the CMOS device. Bulk Structure will be
illustrated, followed by the SOI and the proposed SELBOX structure, respectively.

Chapter 7 includes the conclusion with some recommendations for future work.
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Chapter 2: MOSFET Devices

2.1 Introduction

A Metal-Oxide-Semiconductor Field-Effect-Transistor (MOSFET) is the building
block of integrated circuits (ICs). Today’s most complex ICs, such as
microprocessors, graphics, and digital signal processing chips, have about 1.4 billion
transistors, each measuring down to 22 nm [42]. Intel’s recent road map shows that
they have developed a 14 nm transistor [43].

2.2 History

The idea behind MOSFET was developed before 1930. In 1926, Julius Lilienfeld
filed a patent describing a three-electrode amplifying device based on the
semiconducting properties of copper sulfide. Challenges to building such a device
continued through the 1930’s [44]. However, it was not successfully produced until
1959 when Mohammad Attalla and Dawon Kahng proposed their
successful MOSFET at Bell Labs [45]. The main problem was control and reduction
of the surface states at the interface between the oxide and the semiconductor. The
MOSFET transistor evolved from the P-channel MOSFET in the 1960’s to the N-
channel MOSFET in the 1970’s [46].

2.3 MOSFET technology

In MOSFETS, there are fundamental parameters that have to be taken into
consideration. These parameters include threshold voltage, body effect, channel
length modulation, subthreshold leakage, and internal capacitance. In this section, the

parameters are discussed briefly.

2.3.1 MOSFET threshold voltage.

The threshold voltage is a major parameter for MOSFET characterization and
modeling [47]. This parameter may be understood as the gate voltage at which the
transition between the OFF and ON modes takes place in the MOSFET channel [48].

In an N-channel MOSFET, the substrate is P-type silicon containing positively
charged mobile holes. When a positive charge is applied to the gate, an electric field
25
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causes the holes to be repelled from the interface, creating a depletion region
containing negatively charged immobile ions. When the gate voltage increases
further, the electron concentration will increase at the silicon interface surface
(inversion layer). The gate voltage at which the electron density at the interface
surface is the same as the hole density in the bulk material is called the threshold
voltage. In other words, the threshold voltage is the voltage at which there are
sufficient electrons in the inversion layer to make a low resistance conducting path
between the MOSFET source and drain. When the voltage between the transistor gate
and source (Vgs) exceeds the threshold voltage (Vtu), it is known as overdrive
voltage [49].

The threshold voltage is affected by the following factors [50]:

1. Oxide thickness: the thinner the oxide thickness, the lower the threshold voltage
2. Temperature.
3. Random Dopant Fluctuation (RDF): a form of process variation resulting from

variation in the implanted impurity concentration.

For the Bulk MOSFET, the threshold voltage is calculated as follows [50]:

}ZqN5*2|<bf|es
Vry =CDmS+2CDf + (1)

COX

where V. is the threshold voltage in volts, @, is the metal-semiconductor work
function difference in volts, @ is the difference in voltage between two energy levels
(Fermi and intrinsic Fermi) in volts, Ns is the doping concentration of substrate in
cm?, g is the electric charge density in coulombs, & is the permittivity of silicon in
F/m, and C,, is the oxide capacitance in F/m?.

The metal-semiconductor work function difference equation is
E
(Dms:q)m_(Xs-l'ﬁ-l' CDf) V) (2)
where

Oy = %m’l—j (V) A3)

where K is Boltzmann’s constant in J/K, T is temperature in degrees Kelvin, X; is

electron affinity of the semiconductor in volts, Ej is the conduction band energy in
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joules, q is the electric charge density in coulombs, ®,, is the bulk potential in volts,
and n; is the intrinsic doping concentration in cm.

The Oxide capacitance equation is
Cox =2 (F/m?) (4)

where ¢,, Is the permittivity of oxide in F/m, and ¢, is the oxide thickness in meter.

2.3.2 MOSFET body effect.
The MOSFET body effect is the influence of the body to source voltage in the
threshold voltage of the MOSFET.

If a body to source voltage greater than zero is used, a decrease in threshold

voltage and an increase in the drain current will happen.

If a positive gate to source voltage is applied, then an inversion layer will be
gotten. Furthermore, if a positive source to body voltage is applied, then reverse bias
will happen: the width of the inversion layer will increase, and the inversion charges

will also increase [51].

The body effect upon the channel can be described using a modification of the

threshold voltage, approximated by the following equation [52]:

Vg = Vpo + v (\/VSB + 295 — \/2<PB ) (V) (5)

where V5 is the threshold voltage with substrate bias present in volts, V-, is the zero-
value of threshold voltage in volts, 7 is the body effect parameter in V*?, Vg is the
source-body voltage in volts, and 2¢gis the approximate potential drop between
surface and bulk across the depletion layer in volts when Vs = 0 and gate bias is

sufficient to ensure that a channel is present.

2.3.3 Channel length modulation.

Channel length modulation happens when the drain voltage increases, causing the
width of depletion region to rise. As a result, the channel length will drop, and the
drain current will increase as we increase the drain to source voltage as shown in

Figure 10.
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When the device is operated in saturation (drain to source voltage is greater than
saturation drain voltage), the channel gets pinched off and the depletion region will be
extended into the inversion layer. Electrons in the channel will move quickly and will
enter the depletion region before reaching the drain. If the drain voltage is high, then
the electric field in the space charge region will be strong. The magnitude of the
electric field depends on the drain to source and the saturation drain voltages.
Electrons gain energy from the electric field as they drift towards the drain inside the
depletion region. These electrons will generate secondary electron-hole pairs through
impact ionization [53].

VGS>VTH |
VDS>VGS-VTH

Gate

P-Substrate

Figure 10: Channel length modulation

2.3.4 Subthreshold leakage.

Leakage power dissipation has become a significant part of the total power
dissipated in modern technologies. It is expected that by the year 2020, leakage power
is going to increase 32 times per device. Subthreshold leakage current is one of the
most dominant leakage current components. It is the drain-to-source leakage current
when the transistor is off, if the applied voltage Vs is less than the threshold voltage
Vry of the transistor [54]. The following equation relates subthreshold current

Isyg With other device parameters:

1 qVe=V1)
lsyp = aLEFF exp( ,iT T) (6)
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where « is constant, Lzzr is the effective length in meters, V; is the input voltage in

volts, V; is the threshold voltage in volts, and %T is the thermal voltage in volts.

From the equation we can note that the subthreshold current depends on the transistor
parameters as shown in Table 1.

Table 1: Dependence of subthreshold leakage on device parameters

Parameters Dependence
Transistor effective length (Lggr) Inversely proportional
Thermal voltage (%T) Exponential decrease

Difference between input voltage (V) o
) Exponential increase
and Transistor threshold voltage (Vi)

The previous parameters face many challenges nowadays because of shrinkage in
device sizes. To solve some of these challenging issues, the Silicon on Insulator (SOI)

was fabricated. The next section will introduce this device.

2.3.5 Internal capacitance.

It is an inescapable and usually annoying capacitance that exists between the parts
of an electronic device as shown in Figure 11. Internal capacitance is divided into two
categories: gate capacitance and junction capacitance [55].

The first category is gate capacitance, where the gate electrode forms a parallel
plate capacitor with the channel and with the other electrodes using the oxide layer as
a dielectric. We have a gate-source capacitor (Cys), gate-drain capacitor (Cgq), and
gate-body capacitor (Cgp).

The second category contains the source-body and drain-body depletion-layer
capacitances. When the capacitance of the reverse-biased P-N junction is formed by
N-source and P-substrate, source diffusion (Cs) will happen. But when the
capacitance of the reverse-biased p-n junction is formed by N-drain and P-substrate,
drain diffusion (Cgy) will occur. These capacitances are presented based on the

changes in the charges associated with the space charge regions.

29



Primary device operation is achieved through the action of the gate capacitance.
The junction capacitors in the device are undesirable, which sets an upper limit to the
operating speed of the device.

Csh Cdb

T T

Silicon substrate

Figure 11: Distribution of the internal capacitances in Bulk MOSFET
2.4 Silicon on Insulator (SOI)

SOI Structure Consists of a buried oxide (BOX) layer between two silicon layers;
the layer is made of silicon dioxide. The top layer is known as the active layer and the
bottom is known as the mechanical support. SOI devices are fabricated on the top

layer.

The single gate SOl MOSFET is divided into two categories [38]: partially
depleted silicon on insulator (PD SOl MOSFET), and fully depleted silicon on
insulator (FD SOl MOSFET).

In PD SOI MOSFETSs, the depletion region does not reach through the entire
silicon channel/body region. The thickness of silicon above silicon dioxide is greater
than twice the width of the depletion region. The applied gate voltage will never
deplete the active silicon completely. It is known also as the thick film device because

the active silicon thickness is greater than 0.15 pm.

In FD SOI MOSFETS, the silicon thickness is less than 0.1 um. The active silicon
layer is thin enough so the gate voltage can deplete it completely. These are also

called thin film devices.
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The PD SOI MOSFET is more interesting than the FD SOl MOSFET in
fabrication because the thickness of PD is close to the bulk silicon thickness and also
the threshold voltage is less sensitive to uniformity of silicon thickness. In FD SOI
MOSFETS, the threshold voltage depends on the thickness and also the ultra-thin film
is difficult to control. But in PD, the kink effect is observed which is considered a
disadvantage.

2.4.1 Advantages and disadvantages of SOI devices.
In this part, the advantages and drawbacks of SOI devices are briefly illustrated
[56] [57] [58] [59] [60].

e Advantages of SOI devices

1. Reduced capacitance

SOI offers reduction in the parasitic capacitances which improves the operation
speed. The gate capacitance remains the same but with buried oxide; the parasitic
capacitances in bulk MOSFETSs will be reduced: Cgp, Cs,, and Cap.

As shown in Figure 12, SOI can reduce the capacitance at the drain and source
junctions significantly by eliminating the depletion regions extending into the
substrate. This results in a reduction in the RC delay due to parasitic capacitance, and
hence a higher speed performance of the SOI CMOS devices compared to bulk
CMOS.

2. Latch up free operation

Latch up is a type of short circuit. It is the result of a low-impedance path between
the power supply rails of a MOSFET circuit, triggering a parasitic structure which
disturbs appropriate functioning of the part, possibly even leading to its damage due

to overcurrent.

The SOI process creates an oxide layer over the silicon substrate and around all

device wells, eliminating the parasitic paths that can lead to latch up.
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Figure 12: Cross section of Bulk and SOI MOS devices

3. High density of integration

This happens because we can place N+ and P+ regions next to each other, and
also because the units in SOI need relatively small layout areas as compared to bulk
CMOS.

4. Radiation hardness

The radiation in semiconductor materials will cause ionization of atoms leading to
the generation of positive and negative charges. These charges lead to unwanted

currents and instability in the charge distribution.

The effect of radiation is minimized due to the reduction in the exposed silicon
volume. As active silicon is very thin in SOI devices, the majority of the charges
generated by the radiation will exist in the lower substrate and will be blocked by

buried oxide. That is why it will not affect the charges in the active layer.

5. Number of process steps is reduced

e Disadvantages of SOI devices

1. Self-heating: happens in FD SOl and PD SOI devices
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For SOl MOSFET, the thick buried-oxide below the Si layer increases the Self-

Heating Effect (SHE), which sometimes results in an undesirable output [61].

2. Power dissipation

Power consumption depends on the power dissipated in the transistor. The
consumed power includes static and dynamic powers. Static power is consumption
during the off state of the device. It happens because of the leakage current. Dynamic
power is the consumption only during the on state and it depends on the capacitance
active load (CL).

3. Kink effect: happens only in PD SOI devices

The kink effect causes nonlinearity in the device due to the sharp increase in the
drain current because of the increase in body potential and associated drop in
threshold voltage. This operation happens because of the high electric field near the

drain due to the high drain voltage.

There are many solutions to solve the kink effect problem [38]. One way is by
controlling the carrier lifetime in the floating body region with high dose silicon
implantation or using SELBOX structure where the gap resistance will decrease due
to the increase in the gap length. This treatment increases the drain voltage value at
which the kink occurs. Therefore, for larger values of gap length the kink will

disappear.

The idea behind the SELBOX MOSFET is to cover the regions below the drain,
the source, and parts of the region below the channel leaving a small gap under the
channel rather than covering the region below the device from the lower substrate
completely. This process will allow heat to flow from the channel to the lower
substrate and also minimize the increase in body potential. This will lead to reduction

in the kink effect; these reductions depend on the selection of the gap width [38].
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2.5 Complementary Metal-Oxide— Semiconductor (CMOS)

2.5.1 Bulk CMOS.

A Bulk CMOS has slow speed in operation due to the weak frequency
characteristics as in the single device and also has very high power dissipation due to
the well junction [62]. The well junction is the main source of the thermal generation
current. This current is leaking from the N-substrate to the P-substrate, as shown in
Figure 13, which leads to high power dissipation during the off state. In addition,
there is also the drain leakage current which is leaking from the drain to the substrate
of the N-channel transistor. This is why the Bulk as a CMOS has very high power
dissipation compared to SOI and SELBOX.
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Figure 13: Cross section of Bulk CMOS inverter illustrating leakage components

2.5.2 SOl CMOS.

In SOI CMOS, the main advantage is the elimination of leakage. Leakage current
in low voltage is any current that flows when the ideal current is zero. But in medium
or high voltage, leakage is a current that flows either through the body or over the
surface of an insulator. The SOI structure blocks the leakage between the two
transistors of a CMOS by the inserted oxide layer as shown in Figure 14. SOI devices
also have vertical isolation so they are isolated by dielectrics from other devices. This

also eliminates leakage between CMOS transistors.
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Figure 14: Cross section of SOl CMOS inverter illustrating leakage components

As a CMOS, SOI has low power dissipation with high speed in operation, but,
unfortunately, it suffers again from the kink effect and self-heating. The kink effect in
CMOS SOI cannot be observed clearly, but it can be noticed in the transistor as an N-
channel SOI. As known, in the CMOS the drain voltage of the N-channel transistor is
higher than its source. Therefore the electric field near the drain is high causing high
body potential and leading to the kink effect. However, the source in the P-channel
transistor is higher than the drain, so the electric field near the drain is low and that
will not cause any kink effect. So when the two transistors are connected to each
other, the kink effect will not be clear. Also to reduce the self-heating effect, there
were some solutions tried by engineers. As a sample, there was a reduction done by
using multi-layered insulator structures. Instead of using the normal SOI with SIO,
layer alone, they tried to use SiO,/SizN4/SiO; buried insulators, and this procedure
succeeded in removing the SHE [63]. However, this method needs a very long

fabrication procedure to create multi layers.

To overcome these issues, we did a simulated fabrication for the SELBOX, and it
succeeded in eliminating the kink effect [38], reducing the self-heating problem [41]

while keeping low power dissipation and high speed in operation. This structure was
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done by changing the SOI transistor to a new one with a gap under the gate. So this
operation does not need long procedures and it gives acceptable results.

In this thesis, the parameters used for device simulation and the simulation results
are illustrated in Chapters 4, 5, and 6.
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Chapter 3: Literature Review

In this chapter, an introduction to power dissipation is presented followed by a
discussion of some previous efforts on reducing power dissipation of CMOS with the
advantages and disadvantages of each.

3.1 Power dissipation

Mechanisms of power dissipation are usually divided into two classes: static and
dynamic. Static power dissipation becomes a problem when the circuit is in the off
state or in a power-down mode. But the dynamic power dissipation mainly reflects the
operational mode of a circuit; for example, the circuit is performing some operation
on data [35].

CMOS is preferred for its low static power. But by decreasing the gate oxide

thickness, the leakage current increases leading to more power dissipation [9].
Power dissipation in a CMOS can be categorized into three types:

1. Leakage power dissipation which happens due to leakage currents in the off state;
we have the sub- threshold leakage, the gate-induced drain leakage, band-to-band
tunneling, and gate tunneling leakage [64] [65].

The different types of leakage currents are shown in Figure 15:

| I3&I4

Gate

P-Subtrate \J/

Figure 15: Leakage currents directions in Bulk MOSEFT
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Where

I1: reverse P-N junction (both ON & OFF)

2. sub threshold leakage (OFF)

3. gate leakage current (both ON & OFF)

4. gate current due to hot carrier injection (both ON & OFF)

5. gate induced drain leakage (OFF)

6. channel punch through current (OFF)

2. Short-circuit power happens in CMOSs when both transistors are on. There will
be direct current flowing from Vpp to the ground creating a short circuit. This
dissipation increases with increases in switching frequency. The short-circuit
power dissipation is no longer a negligible factor, because with decreasing the size
of the transistor and the threshold voltage, the short-circuit power dissipation
becomes significant, especially in high performance circuits with large gates, small

loads, and long transition times [66].

3. Dynamic power or switching power which happens due to the charging and
discharging of the load capacitance [64]. The total dynamic power can be
calculated through the supplied current over the entire circuit. When the output
changes from logic ‘0’ to logic ‘1°, a small amount of current is used to charge the
capacitances, while another amount is wasted through the PMOS as heat, also
through the NMOS due to the short-circuit. When the output transitions from logic
‘1’ to logic ‘0’°, the charge stored in the capacitances is discharged by the NMOS
while the voltage source supplies a small amount of current due to the short-circuit
[67]. The main factors influencing dynamic power dissipation are clock frequency,

load capacitance, and power supply voltage.
3.2 Power reduction techniques

Several efforts have been made to reduce power dissipation, including changing
the architecture of the circuit design. These efforts positively influenced behavior, but

they also had significant drawbacks in increasing the cost and the density on chips.
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Leakage control with efficient use of transistor stacks was proposed by Johnson et
al. [4]. This control did not need substrate biasing or multiple threshold voltages and it
contains the advantage of stacks of MOSFET [5]. In this journal article, authors
described the circuit design methodology. They determined an input vector that kept
most of the circuit operating at low leakage. This state happens when most of the
transistors are turned off in each leakage path. Then, they determined where leakage
control could be inserted to have as low leakage current as possible. The authors
proved that for low-threshold voltage and low-supply voltage, the use of a minimum
leakage vector (MLV); with stacking transistor is a great method for leakage control.

The stack effect method was introduced by Saxena and Soni [6]. As mentioned
previously; the subthreshold current depends exponentially on the threshold voltage,
drain-source voltage, and gate-source voltage. This means that the terminal voltages
have to be controlled in order to control the subthreshold current. The main idea is to
increase the source voltage so that they can get lower gate-source voltage which
reduces the subthreshold current exponentially. The leakage of transistors in a stack is
a function of the input pattern and number of transistors, where the source voltage can
be increased by forcing series transistors to be simultaneously off, or using reverse
body biasing to increase threshold voltages. Another outcome of raising the source is
that it also reduces the body-source voltage, resulting in a higher threshold voltage
due to the body effect. However, the stack effect only gives narrow reduction over

leakage currents, and body biasing effectiveness reduces with technology scaling.

Several dual-threshold voltage techniques for reducing standby power dissipation
were presented by Kao and Chandrakasan [7]. During active mode, the threshold
voltages of the transistors stay with no changes. However, during standby mode, the
threshold voltages of the transistors are increased so the leakage current is reduced.
The multi-threshold CMOS technique is used for static logic design, and the dual-
threshold domino logic technique is used for dynamic logic solutions. The dual
threshold voltage transistor stacking technique was presented by Udaiyakumar and
Sankaranarayanan [8]. This technique takes into consideration the advantages of sleep
transistor and stack effect techniques. Sleep transistors are designed with stack effect.

The new sleep transistor has high threshold voltage with reduced size.
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A switched-source-impedance (SSI) CMOS circuit was proposed by Horiguchi et
al. [9] as a way to reduce the exponential increase of the leakage current with
changing the threshold voltage. Adding switched impedance at the source of a
MOSFET will reduce the standby power dissipation due to reduction in subthreshold
current. The reduction will be around three to four orders of magnitude if the
operation were done at room temperature. This system is valid for any combinational

and sequential CMOS logic circuit as long as the voltages are easy to predict.

The sleep approach for logic circuits was proposed by Kim and Mooney [10],
Mutoh et al. [11], and Powell et al. [12]. In this technique, an additional "sleep”
PMOS transistor is located between the supply and the pull-up network of a circuit
and an additional "sleep” NMOS transistor is located between the pull-down network
and the ground. These sleep transistors turn off the circuit by cutting off the power
rails. The sleep transistors are turned on when the circuit is in the active mode and
turned off when the circuit is in the sleep mode. By cutting off the power source, this
method can reduce power dissipation effectively. However, the output voltage will be
floating after sleep mode, so the technique results in destruction of state plus a

floating output voltage.

In, the effect of inserting an extra transistor into the large leakage path in logic
circuits was proposed by lin et al. [13]. This structure induces low leakage current
under all possible inputs with good performance. However, the number of transistors
will increase. In the same period of time, Abdollahi et al. [14] published an article
which proposed applying a minimum leakage vector (MLV) control to a circuit. The
leakage reduction can be done only when the circuit is in standby mode. The applying
MLV for leakage reduction does not depend on the source of leakage, which can be
gate tunneling leakage or subthreshold current. However, the circuits of large logic
depth are less effective due to the small impact of this technique at high logic levels
[15].

In, the static power reduction technique known as GALEOR (gated leakage
transistor) was illustrated by Katrue and Kudithipudi [16]. It reduces the leakage
current flowing through the circuits. Two gated leakage transistors with high
threshold voltages are inserted between NMOS and PMOS with low threshold voltage
circuitry of the existing circuit. The gates of the inserted transistors are connected to
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their respective drain regions. This technique reduces the area by eliminating the use
of control logic to switch between the active and the standby states. However, the area
is not minimized perfectly because of using extra transistors--two transistors for each
CMOS.

A technique to reduce power dissipation using low supply voltage was presented
by Gonzalez et al. [17], and Chandrakasan et al. [18]. This technique involves
choosing an accepted low voltage as a supply for MOSFET. According to the gate
voltage, the threshold voltage will decrease and, similarly, the power dissipation will
also decrease. It is conjugated to logic style, architectural, technology and circuit
optimizations. This technique is not sufficient for switching operations because when
the voltage supply goes under a certain range, the procedure will not give the desired
results [19]. This technique has many limitations such as the following: the electric
field between different junctions must be below a certain level to avoid short channel
effect; also the electric field across the gate oxide has to be limited to maintain high
carrier mobility in the channel area. If one of the parameters exceeds its limit, the gate

leakage current will increase static power dissipation [20] [21].

Resizing the gate method was proposed by Girard et al. [22] [23], which can
decrease power dissipation. The main idea was to replace some gates of the circuit
with devices having smaller area which have smaller gate capacitance with less power
dissipation. Experimental results on some circuits have shown that power dissipation
is reduced by 27.9% compared to circuits without resizing, which will cut off only

4.2% of the total power dissipation.

Mohanty et al. [24] proposed a technique that require an increase in the gate oxide
thickness to decrease tunneling current, which is the dominant component of leakage
current. As a result, static power dissipation will be reduced. In addition, this way will
increase the propagation delay. According to the International Technological
Roadmap for Semiconductors (ITRS) [25], in 2006, oxide thickness (Tox) values of 7—
12°A were required for high performance CMOS circuits. Changing Tox can make a
big change in leakage current. For example, in an MOS device with S1O; gate oxide, a
small decrease in Tox, like 2°A, can increase gate leakage current 1000 times [26]. But

subthreshold leakage current decreases with oxide thickness [27].
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A design for logic circuits was introduced by R. Lorenzo and S. Chaudhary [28] to
reduce power dissipation. The design employs dynamic voltage scaling to reduce
leakage power and recalls the data during the no action mode. The main idea behind
this technique is that it uses two leakage control transistors with different ground
levels. When the output voltage is equal to the source voltage (which means the pull-
up network is ON and the pull-down network is OFF), there is a leakage current flow
in the pull-up network. The output voltage turns off the PMOS and turns on the
NMOS transistor and supplies positive ground level voltage (Vs) to the pull-down
network, thus cutting the subthreshold leakage path from source voltage to ground.
Subthreshold leakage current is reduced because of the increase in threshold voltage
due to the body effect; this also increases source voltage. The reduction of leakage
current is due to the reduction of drain and consequently the reduction in the drain-
induced barrier lowering effect. On the other hand, if the output voltage is low, then
the NMOS transistor turns off and the PMOS transistor turns on, providing ground
voltage to the pull-down network. So here, leakage is due to only the pull-up network

and the remaining circuit works the same as the gate bias circuit.

A design of a Fully Depleted SOI for low power dissipation was introduced by
Mendez [29]. In this paper the author addressed technology attributes, cost, and
manufacturability considerations. The author’s aim was to get low power dissipation
with high performance and low cost. Unfortunately, the kink effect was the
disadvantage in that device. Hence, we believe that if the kink effect is reduced, we

may be able to produce an SOl MOSFET with low power dissipation.

A study of a Double Gate MOSFET was presented by Ruchika et al. [30]. The
objective was to improve the performance of the MOSFET and to reduce power
consumption by studying the MOSFETSs with double gates. The design was done by
connecting two Single Gate MOSFET transistors in parallel in such a way that their
source and drain were connected together [31]. This design functioned properly and
operated efficiently in subthreshold regions to achieve low power. However, this

design required a double space on a chip which is not suitable for modern designs.

A new SOl transistor with an auxiliary MOSFET was proposed by Lee et al. [32].

The gate and drain were connected to the gate of the basic transistor and the source
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connected to the channel body of the basic transistor. This new transistor applied a
good bias to the channel body of the basic transistor. The dynamic threshold-voltage
SOI transistor was introduced by Assaderaghi et al. [33]. In this transistor, the
threshold voltage depended on the gate voltage of the device; as the gate voltage
increased the threshold voltage decreased, resulting in very high current compared
with the standard MOSFET for low-power supply voltages. On the other hand, the
threshold voltage was high at zero input voltage; therefore the leakage current was

low.

In summary it can be stated that many efforts were done to minimize power
dissipation. Unfortunately, these studies concentrated on the power issue without
taking into consideration the density on chips or the cost. The approach in this thesis
takes another viewpoint: changing the fabrication process of the SOI transistor itself
to get a new transistor called a Selective Buried Oxide (SELBOX) MOSFET. This
new structure will combine the Bulk’s and SOI’s advantages and eliminate the

drawbacks of each, saving money and reducing chip density.
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Chapter 4: Simulation of Device Fabrication

One of the main objectives of the present work is to explore the fabrication of a
MOSFET with low power dissipation. Fabricating a SOl MOSFET was essentially
suggested to achieve low power dissipation [36]. Then a Fully Depleted SOl was
produced to operate at very low power with high performance and with low overall
cost [29]. But this solution suffered from the kink effect. In this research work, we
propose the fabrication of the SELBOX MOSFET structure to reduce power
consumption more than the SOI with the advantages of the Bulk 1-V characteristics of
having no kink effect. To compare the performance of SELBOX architecture with the
other devices, we simulated the fabrication of Bulk, SOI, and SELBOX for both
NMOS and PMOS transistors. This is followed by combining the N type with the P
type MOSFETSs to simulate a CMOS.

Following the simulation of various devices, the current—voltage characteristics
were determined followed by estimating the static power dissipation of the Bulk, SOI,
and SELBOX for NMOS and PMOS devices. This was then followed by investigating

the static power dissipation of the CMQOS structure.
4.1 Device dimensions

The simulated devices have different dimensions according to the threshold
voltage. To be able to combine NMOS with PMOS, the absolute threshold voltages
have to be similar (around 0.6V). For all devices in this thesis, the total height of the
device was 0.8 um, the total width 1.2 um, and the depth equals to the channel length
— 0.4 um for single devices and 0.09 um for CMOS as shown in Figure 16.

bepth is equal to the
hannel length

Gate

Channel
length

wrl g0 s1ybIay [ejoL

-~ Total width is 1.2 pm

Figure 16: Bulk structure with illustrated dimensions
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4.1.1 Single device.

The fabrication of Bulk MOSFET was simulated using the dimensions chosen
from previous literature to be able to compare our results with other published studies
[38].

The simulated fabrication of Bulk devices was carried out for both PMOS and
NMOS using the dimensions shown in Table 2. The PMOS Bulk had dimensions
slightly different from the NMOS to reach the same absolute threshold voltage.

Table 2: Bulk’s dimensions as single device

Dimensions NMOS PMOS
Channel length 0.4 um 0.4 um
Average gate oxidation thickness 15 nm 7nm
Doping depth 0.173 um | 0.138 um

The SOI devices were simulated for both PMOS and NMOS using the dimensions
listed in Table 3.

Table 3: SOI’s dimensions as single device

Dimensions NMOS PMOS
Active layer 0.18 um | 0.18 um
Channel length 0.4 um 0.4 um
Average gate oxidation thickness 9 nm 3nm

Doping depth 0.18 um | 0.14 pm
Isolation thickness 0.2 um 0.2 um

Then, SELBOX devices for PMOS and NMOS were simulated using the

dimensions in Table 4.
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Table 4: SELBOX’s dimensions as single device

Dimensions NMOS PMOS
Channel length 0.4 pm 0.4 pm
Average gate oxidation thickness 10.7 nm 7.5nm
Doping depth 0.18 um | 0.14 pm
Isolation thickness 0.2 pm 0.2 um
Gap width 0.04 um | 0.04 pm

As shown in Table 4, the dimensions between NMOS and PMOS have clear
differences because, as mentioned before, the priority is for the absolute threshold

voltage to be the same for both devices.

4.1.2 CMOS devices.
After conducting all the simulations for the suggested transistors as single devices,
we simulated the fabrication of the CMOS structure for all three different devices but

with technology of 90 nm to compare them with state of the art transistors.

The simulated fabrication of CMOS Bulk was carried out using the dimensions

shown in Table 5.

Table 5: CMOS Bulk dimensions

Dimensions NMOS | PMOS
Channel length 90 nm 90 nm
Average oxidation thickness 6.3 nm 6.3 nm
Average doping depth 50 nm 50 nm
Isolation length in between 100 nm

After that, the simulated fabrication of CMOS SOI device was done using the
dimensions in Table 6.
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Table 6: CMOS SOI dimensions

Dimensions NMOS PMOS
Channel length 90 nm 90 nm
Average oxidation thickness 6.3 nm 6.3 nm
Average doping depth 50 nm 50 nm
Isolation length in between 100 nm
Isolation width 0.2 um

Then, the CMOS SELBOX was simulated using the same dimensions as the
CMOS SOI but with two added gaps in the isolation layer with the dimensions in
Table 7.

Table 7: CMOS SELBOX dimensions

Dimensions NMOS PMOS
Channel length 90 nm 90 nm
Average oxidation thickness 6.3 nm 6.3 nm
Average doping depth 50 nm 50 nm
Isolation length in between 100 nm
Isolation width 0.2 um

Gap length 9 nm 9 nm

4.2 Device parameters

In this thesis, three important device parameters were considered: threshold
voltage, mobility, and oxide capacitance. They were calculated using estimated
parameters from simulated single devices. Table 8 shows the device parameters used

in simulating the devices.

47



Table 8: Device parameters

Parameters Values Units
Doping concentration of poly silicon (N poly silicon)) 2.26E20 cm?
Doping concentration of substrate (Ns) 1.0E17 cm?
Intrinsic doping concentration (n;) 1.02E10 cm?
Boltzmann’s constant (K) 1.38E-23 JIK
Room temperature (T) 300 K
Charge density (q) 1.6E-19 coulomb
Permittivity of oxide (&ox) 34.515E-12 F/m
Permittivity of silicon (&s) 103.545E-12 F/m
Electron affinity of the semiconductor (Xs) 4.05 \/
Bulk potential (D) 4.05 V
Oxide thickness (tox) 15 nm

4.3 Calculation of threshold voltage for Bulk NMOS

For the Bulk NMOS, the threshold voltage was calculated using the equations

described in Chapter 2; (1), (2), (3), (4), (5)

To calculate the threshold voltage, the following steps were followed:

KT
Vt =
q

_ 138E— 23 %300

TeE—19 0%V

N

l

1*xE17
= 0.026 In

T02E10 ~ 0419V

The oxidation capacitance had to be calculated to be used in the threshold voltage

equation:
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_ 3.9%8.85E - 12
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= 0.0023 F/m?

Eg
O, =c1>m—(xs+5+ q>f)

112
= 4.05— (4.05 + =22y 0.419) = 0979V

\[ZqNS x 2| |
VTH=cDmS+2ch+ =
COX
V2+1.6E—19%1+E23+2+0.419+11.7+8.85E—12
0.0023

—0.979 +2%0419 + =0.58V

4.4 Calculation of mobility for N- channel and P-channel MOSFETS

N-channel MOSFETSs have some inherent performance advantages over P-channel
MOSFETSs. The mobility of electrons, which are carriers in the case of an N-channel
device, is about two times greater than that of holes, which are the carriers in the P-
channel device.

The mobility equation can be given by [68]:

— . 4 Hmax—dmin 02
1= Unin + 1+(NNf)a cm/V.s (7)

By using the constant parameters in Table 9, we can get:

Table 9: Parameters for calculation of the mobility as a function of the doping density

[68]

Constants Phosphorus Boron Units
cm?

Umin 68.5 44.9 R
V.s

cm?

Umax 1414 470.5 -
V.s
Nyef 9.2E16 2.23E17 cm™3

a 0.711 0.719 Null
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1414 — 68.5

U, = 68.5+ = 758.957 cm?/V.s
1+ (é;—gllg) «0.711
4494 470.5 —44.9 _ 321833 cm?
o = 1+(ﬁ)*0719_ SR
223617) * ¥

The N-channel mobility is twice that of the P-channel; this will affect the
resistivity of the MOSFET. Thus an N-channel device is faster than a P-channel
device. However, PMOS circuits have advantages such as being easy to control, and
having low cost processing, good yield and high noise immunity.

Since electron mobility is twice that of hole mobility, an N-channel device will
have one-half the on-resistance of an equivalent P-channel device with the same
geometry and under the same operating conditions. Thus N-channel transistors need
only half the size of P-channel devices to achieve the same impedance. Therefore, N-
channel ICs can be smaller for the same complexity or, even more importantly, they

can be more complex with no increase in silicon area.

NMOS circuits offer a speed advantage over PMOS due to having smaller
junction areas. Since the operating speed of a MOS IC is largely limited by internal
RC time constants, and capacitance of a diode is directly proportional to its size, an

N-channel junction can have smaller capacitance. This, in turn, improves its speed.

The next two chapters will show the results of the simulation for the three devices

as single and as CMOS with illustrations.
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Chapter 5: Power Dissipation of Single Devices

In this chapter, the steps of single device processing are presented. The simulation
results obtained are then discussed and compared. Simulations were performed in
different steps using the Silvaco software, starting from the Bulk MOSFET to the
SELBOX MOSFET. The procedure can be summarized as follows:

1. Simulate the fabrication of the three devices: Bulk, SOI, and SELBOX
for NMOS and PMOS
2. Obtain the 1-V characteristics for all devices:

» Drain current versus gate voltage.
» Drain current versus drain voltage in the ON state.
» Leakage current versus drain voltage.

3. Compare the static power dissipation of the three devices.

In simulation, the devices were fabricated in such a way to reduce power
dissipation by controlling the doping level for each, the channel length, the oxidation
thickness, and the gap length of SELBOX.

The structures were simulated and tested under specific absolute threshold voltage
around 0.6 V for Bulk, SOl and SELBOX. In this chapter we intend to demonstrate
the advantages of SELBOX as a single device over the other two devices in terms of

low power dissipation, no kink effect and high operation speed.

The technology used in this test was 0.4pm in order to compare with the results
published in the literature [38]. In the next chapter, 90 nm technology was used to

simulate CMOS devices.
5.1 N-channel MOSFET

In the beginning, N-channel single devices were fabricated and tested through
simulation with different dimensions according to the needed threshold voltage. The
structure of the Bulk MOSFET is shown in Figure 17 with illustrated dimensions. The
drain current versus the gate voltage for the N-channel Bulk MOSFET at drain

voltage equals 1V as shown in Figure 18.
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Figure 17: N-channel Bulk structure
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Figure 18: Drain current versus gate voltage for N-channel Bulk MOSFET at
VDS=1V

The threshold voltage can be obtained through different ways [68] [69].
Theoretically, threshold voltage can be defined as the minimum required gate voltage
to switch the transistor on. By this definition, we can say that threshold voltage is 0.6
as shown in Figure 18. On the other hand, the threshold voltage can be defined
practically from the graph by the intrinsic point between the gate voltage axis and the

tangent line of the curve. By using this definition, we can say that the threshold
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voltage is 0.9 V as shown in Figure 18. In this thesis, we will consider the intrinsic
point which is 0.9 V for comparison between the devices.

Drain current versus drain voltage for different gate voltages is shown in Figure
19. The power dissipation at the off state is due to the leakage current, so the device
was tested at VGS = 0.4 (less than threshold voltage) and the leakage current—drain

voltage curve is shown in Figure 20.

NMOS Bulk
Drain current versus Drain voltage

— Drain Current(pA)

T 50 —

2 -

g 40— | — VGS=04V

E - VGS=1V

3 O | — vGsS=15V /’
° 30 2 VGS= 2V

£ =

J -

0 0.5 1 1.3 2
Drain Voltage (V)

Figure 19: Drain current versus drain voltage for N-channel Bulk MOSFET
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Figure 20: Leakage current versus drain voltage for N-channel Bulk MOSFET at
VGS=0.4V
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To reduce power dissipation, a SOl MOSFET was simulated. The structure of the
SOl MOSFET is shown in Figure 21 with illustrated dimensions. We tried to have the
same dimensions for the three devices, but the priority was for threshold voltage so

we produced dimensions close to each other but not exactly the same.
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Figure 21: SOI structure

Drain current versus gate voltage for the N-channel SOI at a drain voltage equal to

1V is shown in Figure 22.

NMOS SOl
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Figure 22: Drain current versus gate voltage for N-channel SOl MOSFET at
VDS=1V
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Drain current versus drain voltage for the N-channel SOl MOSFET at different

gate voltages is shown in Figure 23.
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Figure 23: Drain current versus drain voltage for N-channel SOl MOSFET

Figure 23 clearly shows the kink effect. Power dissipation in the SOI is more than
the Bulk since we get more DC current at the same Vps as compared to the other two
devices. This is due to kink and body voltage variations in the device. Hence the

steady state power dissipation in the individual SOI appears to be high.

Leakage current versus drain voltage curve at small gate voltage is shown in
Figure 24.
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Figure 24: Leakage current versus drain voltage for N-channel SOl MOSFET at
VGS=0.4V

55



As a comparison between Bulk and SOI, leakage current of the Bulk is
approximately 6.75 nA at Vps equal to 2 V as shown in Figure 20. But leakage
current of the SOI is approximately 30 pA at Vps equal to 2 V as shown in Figure 24.
This is a huge difference between Bulk and SOI. So the SELBOX MOSFET is built to
have the advantage of reduced power dissipation without the kink effect.

The structure of the SELBOX MOSFET is shown in Figure 25 with illustrated

dimensions.
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Figure 25: N- channel SELBOX structure

Drain current versus gate voltage for an N-channel SELBOX at drain voltage

equal to 1V is shown in Figure 26.
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Figure 26: Drain current versus gate voltage for N-channel SELBOX MOSFET at
VDS=1V

56



Drain current versus drain voltage for an N-channel SELBOX MOSFET at
different gate voltages is shown in Figure 27. As shown, the kink affect disappeared

in this structure and maximum current is reduced compared with SOI device.
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Figure 27: Drain current versus drain voltage for N-channel SELBOX MOSFET

Leakage current versus drain voltage curve at small gate voltage for the N-channel
SELBOX is shown in Figure 28.
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Figure 28: Leakage current versus drain voltage for N-channel SELBOX
MOSFET at VGS=0.4V
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5.2 P-channel MOSFET

In this section, P-channel single devices were fabricated and tested through
simulation with the same threshold voltage of the N-channel devices.

The simulated Bulk MOSFET structure with illustrated dimensions is shown in

Figure 29.
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Figure 29: P-channel Bulk structure

Figure 30 shows absolute drain current versus absolute gate voltage for a P-
channel Bulk MOSFET at drain voltage equal to (-1V).
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Figure 30: Drain current versus gate voltage for P-channel Bulk MOSFET at
VSD=1V
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As shown in Figure 30, the absolute value of the threshold voltage is close to

0.9V. That will help us compare between the devices.

Figure 31 shows absolute drain current versus absolute drain voltage for a P-
channel Bulk MOSFET at different gate voltages.
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Figure 31: Drain current versus drain voltage for P-channel Bulk MOSFET.

The absolute leakage current versus absolute drain voltage curve at small gate

voltage for P-channel Bulk is shown in Figure 32.
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Figure 32: Leakage current versus drain voltage for P-channel Bulk MOSFET at
VSG= 0.4V
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The simulated SOI PMOS structure with illustrated dimensions is shown in Figure
33.
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Figure 33: PMOS SOI structure

Figure 34 shows absolute drain current versus absolute gate voltage for a P-
channel SOl MOSFET at drain voltage equal to (-1V).
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Figure 34: Drain current versus gate voltage for P-channel SOl MOSFET at
VSD=1V
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Figure 35 shows absolute drain current versus absolute drain voltage for a P-
channel SOl MOSFET at different gate voltages.
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Figure 35: Drain current versus drain voltage for P-channel SOl MOSFET

As we can see in Figure 35, there is no kink effect because the kink affect appears
just in the N-channel SOI devices, but the current still high.

The absolute leakage current versus absolute drain voltage curve at small gate

voltage for the P-channel SOI is shown in Figure 36.
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Figure 36: Leakage current versus drain voltage for P-channel SOl MOSFET at
VSG=0.4V
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This absolute leakage current curve for the P-channel MOSFET is due to body
potential changes. As mentioned before, there is no kink effect, which is why the
curve takes a different shape than the N-channel MOSFET I-V curve.

The simulated SELBOX MOSFET structure with illustrated dimensions is shown
in Figure 37.
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Figure 37: PMOS SELBOX structure

Figure 38 shows absolute drain current versus absolute gate voltage for a P-
channel SELBOX MOSFET at drain voltage equal to (-1V).

PMOS SELBOX
Drain Current versus Gate Voltage at VSD=1V
] |— Drain Current (pA)
24 —
T 20 —|
= _
= 16 —|
3 ]
E -
= 12—
G |
= B
g g |
n —
a
0 T e B e I e s e e e e e e e
0 04 0.8 1.2 1.6 2
Gate Voltage, | VG |, (V)

Figure 38: Drain current versus gate voltage for P-channel SELBOX MOSFET at
VSD=1V
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Figure 39 shows absolute drain current versus absolute drain voltage for a P-
channel SELBOX MOSFET at different gate voltages.
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Figure 39: Drain current versus drain voltage for P-channel SELBOX MOSFET

The absolute leakage current versus the absolute drain voltage curve at small gate
voltage for the P-channel SELBOX is shown in Figure 40.
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Figure 40: Leakage current versus drain voltage for P-channel SELBOX
MOSFET at VSG=0.4V

The next section will illustrate the comparison between the different devices in
power dissipation to show the advantage of SELBOX in reducing power dissipation

without any kink effect.
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5.3 Static power dissipation

5.3.1 NMOS device

Power dissipation graphs have been drawn for the three devices for NMOS at four

different values for Vgs.

At Vgs= 0.4V, the static power dissipation curve of the SOI diverged sharply from

S.

the Bulk and SELBOX curves as shown in Figure 41.
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Figure 41: Power dissipation of Bulk, SOI, and SELBOX for NMOS at

At Vgs= 1V, the static power dissipation curve of the SOI becomes closer to the

VGS=0.4V

SELBOX and Bulk curves as shown in Figure 42.
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Figure 42: Power dissipation of Bulk, SOI, and SELBOX for NMOS at VGS=1V
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At Vgs= 1.5V, the static power dissipation curve of the SOl becomes closer to the
SELBOX and Bulk curves more than Vgs= 1V as shown in Figure 43.

NMOS Bulk versus NMOS S0l versus NMOS SELBOX
Power versus Drain Voltage at VGS= 1.5V
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Figure 43: Power dissipation of Bulk, SOI, and SELBOX for NMOS at
VGS=1.5V

At Vgs= 2V, the static power dissipation curve of the SOI becomes closer to the
Bulk and SELBOX curves but still there is an observed difference in between as

shown in Figure 44.

NMOS Bulk versus NMOS SOl versus NMOS SELBOX
Power versus Drain Voltage at VGS=2 V
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Figure 44: Power dissipation of Bulk, SOI, and SELBOX for NMOS at VGS=2V

In the previous four graphs, SELBOX is in the middle and close to Bulk’s curve.
This shows that SELBOX has the advantages of SOl while eliminating its

disadvantages.
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5.3.2 PMOS devices.
Power dissipation graphs have been drawn for the three devices for PMOS at four
different values for Vsg.

At Vsg= 0.4V, the static power dissipation curve of the SELBOX is lower than the
Bulk and the SOI as shown in Figure 45.

PMOS Bulk versus PMOS S0l versus PNMOS SELBOX
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Figure 45: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG=
0.4V

At Vsc= 1V, the static power dissipation curve of the SELBOX is still lower than

the Bulk and the SOI but it became closer to the Bulk curve as shown in Figure 46.
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Figure 46: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG= 1V

66



At Vsg= 1.5V, the static power dissipation curve of SELBOX is still the lowest
but it is becoming closer to the Bulk curve as source-gate voltage increases. The SOI

curve is still far away from others as shown in Figure 47.

PMOS Bulk versus PMOS SOl versus PMOS SELBOX
Power versus Drain Voltage at VSG=1.5V

_ —— Power (UW)

40—
=)
=3 —
= 30
g = —— PMOS Bulk
z = PMOS SOI
o = — PMOS SELBOX

0 0.5 1.5 2

1
Drain Voltage, | VD |, (V)

Figure 47: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG=
1.5V

At Vsg= 2V, the static power dissipation curve of the PMOS SELBOX is very

close to the Bulk but it is still the lowest as shown in Figure 48.
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Figure 48: Power dissipation of Bulk, SOI, and SELBOX for PMOS at VSG= 2V
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SELBOX as a single device works very well in reducing static power dissipation
and in eliminating the kink effect with saving the advantages of SOI. The next chapter
will illustrate the simulation of the devices as CMOS.
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Chapter 6: Power Dissipation of CMOS Devices

In this chapter, an explanation of all the steps of CMOS device processing and the
obtained results are presented and compared. Simulations were performed using the
Silvaco software, starting from the CMOS as Bulk to the CMOS as SELBOX. The
procedure can be summarized as follows:

4. Simulate the three CMOS devices: Bulk, SOI, and SELBOX.
5. Obtain the 1-V characteristics for all devices:
» Drain current versus gate voltage for NMOS and
PMOS.
6. Show dissipated power versus input voltage.
7. Compare static power dissipation of the three devices in four stages:
» Input voltage less than threshold voltage (0.6 volts).
» Input voltage less than Vpp/2 volts.
» Input voltage greater than Vpp/2 volts.
» Input voltage greater than (Vpp- V1u) Volts.

The simulated devices were fabricated in such a way to reduce power dissipation
by controlling the doping level for each, the channel length, the oxidation thickness,
and the gap length of SELBOX.

The structures were simulated and tested under a specific threshold voltage of
around 0.6 V for Bulk, SOl and SELBOX. In this chapter we demonstrate that the
SELBOX as a CMOS device has the advantages of the other two devices in some
characteristics such as low power dissipation, no kink effect, and no self-heating
effect.

The technology which is used in this test is 90 nm in order to compare it with the
state of the art devices [70] [71].

6.1 CMOS as Bulk

Each CMOS transistor was tested separately by making the other transistor OFF

through simulation just to make sure that the transistors were working properly.

Then the test was carried out for the Bulk CMOS as one device to get the

characteristics and compare them with the other two devices, SOl and SELBOX.
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First, Bulk CMOS was fabricated through simulation with channel length equals
to 90 nm. The structure of Bulk CMOS is shown in Figure 49.
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Figure 49: Bulk CMOS structure

As depicted in Figure 49, there is a small isolation between the two transistors just
to have a similar structure to SOl and SELBOX as we will see later in this chapter.

The test was conducted for the transistors separately to make sure about the
characteristics of each. For the NMOS test, we shorted the PMOS by connecting all
electrodes to the ground. The N-Source and P-Substrate were also connected to the
ground. Then we applied 1 volt on the N-Drain, and different DC voltages were

applied on the N-Gate. The outcome result is shown in Figure 50.

CMOS Bulk (NMOS Part)
Drain Current versus Gate Voltage
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Figure 50: Drain current versus gate voltage for NMOS part
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As shown in Figure 50, the theoretical threshold voltage is around 0.6 volts. We
were trying to get the same threshold voltage for all transistors in this thesis.

After that, the test was done for the PMOS transistor alone by shorting the NMOS.
The short circuit was achieved by connecting all electrodes to the ground. The P-
Source and N-Substrate were also connected to the ground. Then we applied -1 volt
on the P-Drain, and different DC voltages were applied on the P-Gate. The outcome

result is shown in Figure 51.
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Figure 51: Drain current versus gate voltage for PMOS Part

As depicted in Figure 51, threshold voltage is around 0.6 and drain current is

slightly less than the NMOS drain current.

After getting the results of the transistors as single devices, a CMOS device was
built by connecting the two transistors together using Mixed-Mode simulation; the
Mixed-Mode module of Atlas enables circuit simulation using physically-based
models. The drains and the gates were connected to each other and the source of each
transistor was connected to its own substrate. A fixed 3-volt was connected to the P-
channel source, a changing DC voltage (0 to 3 volts) was connected to the gate, and

the N-channel source was connected to the ground.

The following graph shows power versus input voltage. Power is calculated by

using the following equation:
P = Ipp * Vpp (MW) (8)
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where P is the power in mW, I, is the current which flows into the source of the

PMOS in A, and Vj, is the source voltage in V.
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Figure 52: Power versus input voltage

It is noticed from Figure 52 that power reaches its maximum around Vgs= 1.5
volts and it reaches its minimum at lower and higher Vs values but it is not reaching

zero mw.
Modeling

Figure 52 can be divided into 5 regions as shown in Figure 53.
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Figure 53: Regions of operation
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In the simulated Bulk CMOS, the width of the gate equal to the channel length so
% ratio is considered as 1. Lambda XA is assumed to be 0.22V~! for NMOS and

0.29V -1 for PMOS. The source voltage Vp is fixed as 3 volts.
First region

This region is known as the subthreshold region, where NMOS is OFF while
PMOS is in triode status. The equation used in this stage is [73]:

PMOS drain current

w (Vpp-Vp)
IDP triode = Hp Cox? (VDD - Vlnput - |VTH| - %) * (VDD - VD) (9)

Using equations (5) and (8); C,, = 0.056 F/m? and p, = 59.36 cm?/V.s, Vpp=
3 volts and |V75| = 0.6 volts. In the first stage; the output voltage is equal to the
source voltage, Vj,,,. is 0 volts and for accuracy we can consider that output voltage
Vp is 2.999999 volts. The power is calculated by using equation (9). In this stage,
three points were tested which are shown in Table 9
Table 9: Result of the first region

o Modeled Simulated
V) Power (mW) Power (mW)
0.01 2.38E-06 2.70E-06
0.1 2.29E-06 3.00E-06
0.2 2.19E-04 3.00E-04

Second region

In this region both transistors are ON, the PMOS still in the triode status while
the NMOS is in saturation. Both currents are equal in magnitude. To calculate the

current through the transistors we used the following equations [73]:

Ipp tricde = IpN saturation (10)
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14 Vop —Vp) 1 w 2
Hyp CoxT <VDD — Vinput — [Vry | = %) Vop = Vp) = E#HCOXT(VInput - VTH) 1 +AVp)
where
1 w 2
IDN saturation — E.un Cox T (Vlnput - VTH) (1 + AVD) (11)

Using equations (5) and (8); C,, = 0.056 F/m? and u,, = 89.20 cm?/V.s.

In the beginning, the output voltage was calculated, and then the result was used
to calculate the current at specified input voltage within the region. The results of the
calculated PMOS power of different input voltages are shown in Table 10.

Table 10: Results of the second region

e Modeled Simulated
(V) Power (mW) Power (mW)
0.7 0.153 0.207
1 0.338 0.377
1.3 0.490 0.433

Third region

In this region, both transistors are in saturation with the same current flow through
them. To calculate the current, the following equation was used [73]:
IDP saturation — IDN saturation (12)

1 w 2 1 w 2
E:upcoxf(VDD - Vlnput - |VTH|) (1 + }\p(VDD - VD)) = E.uncoxf(vlnput - VTH) (1 + )\nVD)

In the beginning, output voltage was calculated, and then the result used to
calculate the current at specified input voltage within the region. The result of the

calculated PMOS power of input voltages equal to 1.5 volts is shown in Table 11.
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Table 11: Results of the third region

1.5 0.490 0.450

Fourth region

In this region, NMOS will be in triode state while PMOS will stay in the
saturation state. To calculate the flowing current, the following equation was used
[73]:

Ipn triode = Ipp saturation (13)

w Vp
Un Cox T (Vlnput - |VTH| - 7) VD

1

w 2
= E/Jp Cox T (VDD - Vlnput - VTH) a1+ Ap Voo — Vb))

The results of the calculated PMOS power of different input voltages are shown in
Table 12.

Table 12: Results of the fourth region

1.7 0.315 0.405
2 0.218 0.282
2.2 0.190 0.252

Fifth region

This region is known as the second subthreshold region, where PMOS is OFF

while NMOS is in triode status. The equation used in this stage was [73]:

NMOS drain current

w Vv
Ipn triode = Hn Cox? (Vlnput — Ve — 7D) *Vp (14)
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Vpp= 3 V and Vg = 0.6 V. In this stage, output voltage is equal to zero; for
accuracy we can consider that output voltage Vp is 0.00001 V. In this stage, three
points were tested which are shown in Table 13.

Table 13: Results of the fifth region

Vinpus Modeled Simulated
(V) Power (mW) Power (mW)
2.5 0.0796 0.105
2.7 3.96E-03 5.40E-03
3 4.40E-05 3.90E-05

Figure 54 shows the comparison between the simulated and modeled power. It
shows that there is a small difference between the simulated and modeled results. This
difference is due to the assumed lambda, and just a few points were tested to make
sure about the model. If lambda was accurate and the points were many, we will get
results approximately equal to the simulated results.
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Figure 54: Comparison between the simulated and modeled powers.

6.2 CMOS SOl

In this part, we used the CMOS Bulk structure but with an added isolation layer in

the substrate as shown in Figure 55.
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As we can see in Figure 55, the upper part of the device was isolated completely
from the lower part. So the operation took place just in the upper layer which has a

Figure 55: CMOS SOl structure

thickness of 0.1 pm.

The same procedure of testing the CMOS Bulk was repeated in this part. First,
the test was for each transistor separately. Figure 56 shows the result of testing the

NMOS transistor alone. Figure 57 shows the result of testing the PMOS transistor

alone.

Drain Current (pA)
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Drain Current versus Gate Voltage
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Figure 56: Drain current versus gate voltage NMOS SOl
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CMOS SOl (PMOS Part)
Drain Current versus Gate Voltage
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Figure 57: Drain current versus gate voltage for PMOS SOI

Then, both transistors were connected together by using Mixed-Mode simulation
and the test steps of the CMOS Bulk were repeated with the same conditions.

Figure 58 shows the behavior of power versus input voltage of CMOS SOI. It is

shown that power starts from zero and ends at approximately zero watts. Also it

shows that maximum power is around 0.4 mW.
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6.3 CMOS SELBOX

In this part we used the CMOS SOl structure but with two gaps in the isolation

layer in the substrate, one gap under each gate with length equal to 9 nm as shown in

Figure 59.

Figure 58: Power versus input voltage
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Figure 59: CMOS SELBOX structure

As we can see in Figure 59, the gap under the N-gate gave the opportunity for the
P-well to spread under the isolator and also the self-heating effect was reduced.

The same procedure of testing the previous devices was repeated in this part. First,
the test was done for each transistor separately. Figure 60 shows the result of testing

the NMOS transistor alone. Figure 61 shows the result of testing the PMOS transistor

alone.
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Figure 60: Drain current versus gate voltage for NMOS SELBOX
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CMOS SELBOX (PMOS Part)
Drain Current versus Gate Voltage
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Figure 61: Drain current versus gate voltage for PMOS SELBOX

In Figures 60 and 61, the behaviors of SELBOX transistors as individual devices
are the same as Bulk and SOI transistors. Observed differences will be found in the

devices as a CMOS. This will be illustrated later in this chapter.

Figure 62 shows the behavior of power versus input voltage of the CMOS
SELBOX device.
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Figure 62: Power versus input voltage for CMOS SELBOX
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6.4 Comparison

In this section the comparison between the three CMOS devices will be illustrated

briefly. Power versus input voltage will be explained in four stages:

1. Input voltage less than threshold voltage (0.6 volts).
2. Input voltage less than Vpp/2 volts.

3. Input voltage greater than Vpp/2 volts.

4. Input voltage greater than (Vpp- V1w).

6.4.1 First stage: Input voltage less than threshold voltage (0.6 V).
This stage is the subthreshold region where input voltage is between zero and
threshold voltage. Figure 63 shows the behavior of power for the three devices under

the same conditions in log scale.
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Figure 63: Power versus input voltage in the subthreshold region (LOG Form)

It is shown in Figure 63 that the power curves of SOI and SELBOX are much
lower than Bulk. At 0.475 volts, SOI and SELBOX exceed Bulk’s curve slightly.

6.4.2 Second stage: Input voltage less than VDD/2.
In this stage, input voltage is between zero and (Vpp/2) volts where Vpp=3 volts.
The Figure 64 shows the behavior of power for the three devices in log scale. When

input voltage reaches approximately 0.5 volts, SOl and SELBOX become greater than
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Bulk until 1.2 volts. After that SOI returns back as the lowest and SELBOX goes
under Bulk. In all cases, SELBOX is in the middle and close to SOI.
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Figure 64: Power versus input voltage less than 1.5V (LOG Form)

6.4.3 Third stage: Input voltage greater than VDD/2.
In this stage, input voltage is between (Vpp/2) and Vpp. Figure 65 shows the

behavior of power for the three devices in log scale.
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Figure 65: Power versus input voltage greater than 1.5V (LOG Form)

As shown in Figure 65, Bulk’s curve is slightly higher than the other curves until

we reach the second OFF stage for the CMOS where input voltage is greater than
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Vpp-Vrh. After that Bulk’s power is much greater than the others and SELBOX is
always close to SOI.

This greater power dissipation is due to well leakage in Bulk which was illustrated
previously in Chapter 2. This leakage keeps the CMOS Bulk’s power dissipation
higher than SOI and SELBOX. But well leakage is eliminated in SOl and SELBOX.

6.4.4 Forth stage: Input voltage greater than (VDD- VTH).
In the fourth stage, input voltage is greater than (Vpp-V1H) 2.4 volts. Figure 66
shows the behavior of power for the three devices in log scale.
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Figure 66: The Power versus input voltage greater than 2.4V (LOG Form)

It is very clear in Figure 66 that SOI and SELBOX have very close behavior in the

OFF state and Bulk has greater power dissipation than the others.

We can conclude that SELBOX has the advantages of Bulk and SOI in terms of
Killing the kink effect, keeping away the self-heating effect, fast processing, and low

power dissipation.
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Chapter 7: Conclusion
7.2 Conclusion

In this thesis, a newly developed MOSFET was fabricated by simulation to
produce low power dissipation device with high speed in operation, without the kink
effect, and with low self-heating. This device was called a Selective Buried Oxide
MOSFET (SELBOX). Single devices were fabricated and tested in three different
structures using two channel types: Bulk, SOI, and SELBOX as N-channel and P-
channel devices. Comparisons between the three devices of the same channel type
were done for I-V and power characteristics. SELBOX proved that it can eliminate
the kink effect and reduce power dissipation while keeping high speed in operation.
Simulations of the three different structures of CMOS devices were conducted.
SELBOX as CMOS device succeeded in reducing power dissipation and working as
the SOI without the kink effect and with low self-heating.

In NMOS, static power dissipation for Bulk is less than that for SOI because of
nonlinearity in the drain current-voltage characteristics of SOI, which is known as the
kink effect due to the changes in body voltage of the device. For SELBOX, power

dissipation is close to Bulk due to the eliminated kink effect.

In PMOS, drain current-voltage characteristics show that power dissipation will
be very small compared to NMOS due to high resistivity. Also, leakage current has
different behavior due to the body effect. Static power dissipation of SELBOX is the
lowest. With increasing gate voltage, SELBOX power dissipation comes closer to
Bulk.

In CMOS, static power dissipation of Bulk is higher than others due to well
leakage. SELBOX has lower self-heating than SOI due to the gap in the isolation
layer. The new device succeeded in both single and CMQOS, in keeping the advantages

of Bulk and SOI while eliminating their drawbacks.

Each device has its strengths and weaknesses; the new device’s weakness is the

long fabrication process which needs more procedures than SOI.
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7.3 Future work

In this thesis, the static power dissipation of SELBOX has been tested. But to have
a full description about power characteristics of SELBOX, the dynamic power
dissipation has to be tested and compared with other devices. Dynamic power
dissipation happens due to the charging and discharging of the load capacitance.

The radiation effect is also an important factor and it has to be eliminated. CMOS
resistivity to Total lonizing Dose (TID) is due to the radiation induced charge tapping
into the oxide layers or the gate. Depending on the function, nature, and position of
the oxide, ionizing radiation may build electron-hole pairs in the isolation layer with
subsequent trapping of holes at the interface between the silicon and oxide. In the gate
oxide, an electric field is produced by hole tapping. This field may cause conductive
channels to open between n+ diffusions. Threshold, voltage, mobility, and noise are
affected by the resultant leakage current which flows between the drain and the source
of the transistor or between the adjacent n+ regions (including the N-wall) [64]. It is
believed that SELBOX can reduce this effect but this assumption must be tested and

proved.
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