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1. Tifle of the project: To study the impact and compensation of process-induced variations in
Junetionless transisior for Improved reliability

2. Principal Investigator: Dr, Ratul Kumur Daruab

3. Implementing lustitution(s) and other collaborating Institution(s): Tezpur University

4, Dateof commencement: 03/09/2013

5. Planned date of completdon: 020920160 (3 yzars)

6. Actnal date of completion: 02/0N2016

7. Objectives asstatad in the project proposal:

(1) To study the impact and compensation of process-induced variations in junctionless
wansistors for improved reliability.
(b} Circuit Design using Junctionless ransistor

8. Deviation made from original objectives if any, while implementing the project and
reasons thereof

The first pant of the abjective was completed. In second part, small circuits like
current course amplifiers were designed and simulated.

8. Experimentil work giving full details of experimental set up, methods adopted, data
collected supported by necessary table, charts, diagrams & photographs:

There was na experimenta] work involved in the project

10, Detailzd analysis of resulis indicating contributions made towards increasing the state of
knowlzdge in the subject:

A sepurate document on “Project Repert” of detailed analvsis of results indicating
contributions 1s attiched at the end,

11. Conclusions summarizing the schievemznts and indication of scope for future Work!

11.1 Conelusion
Low power and high performance dovices are in demand for toduy's microelectronics market.

Recently, junctionless transistor has proven jtself a5 a very promising device in this arena, The first




purt of the work discusses about the analog and digital performances; process and temperature
cffects of a double-gate junctionless transistor. In the second part, elfects of well bias are utilized
te improve the hot enmier effect of a bulk planer junctionless tansistor, In the last part an
anulytical channel potential model fur shorter-channel double gate junstionless transistor (DGILT)

is developed.
It is observed that

* Double-gate JLT show better device performance chorocteristics in teems of SCEs,
transconductance o drain current rution and intrinsic gain compared to its similar dimension
inversion mode (IM) counterpart and laler deviee ou tperforms in terms of speed.

* DGILT electwrical parameters are more immune to channel length variations. However, there is
a notable threshold voltage change of the device with silicon thickness compured to a junction
based (JD) device,

* Unlike ID MOSFET, averall performance of @ DGILT is not degraded much by inerense in
temperature and use of high-K gate dielectrics,

* The effects of well bias are utilized to improve the hot cartier elfect of a bulk planer
Junctionless transistor. Though positive well bias helps in improving hot carrier effect; threshold
voltuge (Vr) decreases and subthreshold slope (88), drain induced barrier lowering (DIBL)
increases with forward well bias (Vi) for different values of ehannel length (L), channel thickness
(Tsi), gete oxide thickness (Tox) with almost similar trend, Well doping concentration helps in
improving the OFF-staie current (Iaer) of the device at the cost of slight ON-gtate current (Iax)
degradation which however increases Iow/loge ratio. There is more Vy decrease with an increase in
wiell bias for higher temperatuce. Well bias thus can be used to set the threshold voltage at any

desired value,

11.2 Future Scape of the Work

The findings presented in this work are mostly based on the simuolition results including
appropriate macels, This helped vs 1o arrive at a qualitative undersianding of the device operation.
More rigorous information can be obwined by full quantum simulalions vsing either ngn-
equilibrium green's function (NEGF) approach or Wigner-function epproach. There s lot of seope
for compact modelling for civenit simulation of shorier channel length JLT which includes all short
channel effects like hol carrier effect, veloeity sawration effect, drain induced barrier lowering
effect ete and process induced variation parameters. Designing circuits including process induced
variation parameters for low power applications is a fine scope of work. Also, implementation of
the working models in spice simulator for efreuit stimulation is another scope for extending the




work. Studying the reliability issues in DGILT and developing compact models with reliability

issues in the model is excellent scope of research.
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Nomenclature

BIT
BEJLT
BIBT
CLM
CMOS
DIBL
DGILT
DGMOS
DRAM
EOT
GAA
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M
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T

T
MOSFET

Mug-FET

RF
SCE
SEM
501
55

5P
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Bipolar junction transistor

Bulk planar junctionless transistor
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Mhain induced barrier lowering
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Chapter 1

Introduction

Fully depleted (FD) silicon on insulator (SO1) MOSFETS are very promising candidates for sub 100
mn wtra darge seale inlegrabion (ULS because it is suitable for low power aml high performance
applications. However, it demands (1) ultra-thin semiconductor films (2) elevated source and drain, to
rechice series resistance and (3) mid-gap gate, to balance the lowering of threshold voltage. Also,
another lapse of the FD-SOI is the field penctration beneath the channel from source and drain
through buaried oxide (BOX) anc subsirate, at higher drain voltiges. Multigate silicon-on-insulator
(SOI) MOSFETs (Mug-FETs) have come into picture for further downscaling of MOSFETS. as these
devices have niore control on the electrostatics of the channel region because of the more number of
gates. Also, Mug-FETs which do not need high channel doping concentration, improve SCEs,
increase the carrier mobility and reduce the device variability coming from random dopant
Huctuations. Also. Mug-FETs improve SCEs by scaling the thickness of the channel rather than
sculing the oxide dielectric. Therefore, gate wnneling current can also be reduced. Because of the
above advantages, Mug-FETS are predicted as a successor of planar transistors by the International
Roadmap for Semiconductors (TTRS) since 2001 [3]. Unfortunately, in sub-20 nm era, the channel
region is not only controlled by the gate but rather by the undesired source and drain regions. Thus.
even though SCEs are reduced 1w some extent, it is not nullified even in with Mug-FET. Very abrupt
source and drain junctions requirement of these ultra-shoit length devices put challenges in doping
profile techniques. For example, a typical n-channel MOSFET has doping concentration of 107 eny
*in the source/drain region and 10" 10" em™ in the channel region. Now. to form 4 junction
within a nanometer or fraction of o nanometer o so {thevretically abruptly), with few orders of
concentration gradient. is extremely tedious and needs technology hreakthrough because of the
restrictions in laws of diffusion and statistical nature of the distribution of the doping atoms. Also,
very high thermal budzet is invelved with this process. Flash annealing technigues are now used for
heating silicon for a very short duration to mnimize diffusion, However. even in tolal absence of
diffusion, ion implantation and other doping techniques cannot achieve perfectly abrupt junctions with
many orders of concentration gradient [10]. Thus. even with Mug-FETs, the material andfor device
properties have reached fundamental limits in deca-nanometer era [11-13]. Alsu, SCEs make

fransistors slower by lowering the maximum switching speed. Tunnel FET (TFET) is studied
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Chapter 12 Introduction

extensively because it offers ultra-sall SCEs; however it has low ON-state current |14-15]. Single-
electron transistor | 16] and carbon nanotube [ 17-18] have been extensively smdied as an alternative w
conventional transistors in sub-20 nm regime. However. with present wvailable technology. they ure

rather complicated 1o fabncate cust elfectively Tor commercial use,

1.1  Junctionless Transistor (J1.T)

The existing metal-oxide-semiconductor ficld-eftect transistors are composed of pn junctions in the
source-channel-drain path. The pn junctions allow or bleck corrent through it according to the applied
bias on the gate. Junctionless transistor (JLT), which does not have pn junction in the source-channel-
drain path (Fig. 1.1), has recently been reported by Colinge’s group at Tyndall National Institute,
University College Cork, Ireland [20] following the idea of the first transistor by Julius Lclgar

Lilienfield in 1925 [27-28]. Lilienfield patented his work under the title *Device For controlling the

Source Fobiled Drain

Eeiesiiag e i
%,. i &
s e L

Inversion-mode shiort chanoel Tength Inversion-mode
ultra-short channel length

ultrn-shorr channel length

Figure 1.1: Source and drain doping of inversion-mode and junctionless transistor with short

channel and ultra-short channel, This Fig. s taken from (91,

electric current”. 1t consists of o thin sernicenductor Tilm deposited in a thin insulator layer, itsell
deposited in i metal electrode (gare). Thus, it does not have 2 junction: rather it is a simple “registor™.
It is also called “gated trans-resistor’”, In principle, current Mews in the registor in the same way that
dreain current [lows from drain to source in o MOSFET, Junctionless transistor 18 ‘b;isically an
accumulation mode device with a very thin silicon thickness (~3-10 nm}. The requirement of thin
semiconductor laver is 10 have full depletion of camriers when the device is tuned off. Therefore. JLT
offers good subthreshold charncteristics. However, o typical accumulition meode device is made in
retatively thick silicon films (typically higher than 20 min or so) and henee it exhibits waorst short
channel performances. However, one advantage of accumulotion mode transistor 1s, drain current

varies less with ehannel doping concentrition. The other major difference of JLT with accumulation
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Chupter 12 Introduction

mode transistor 15 that in the former. accumulation of carriers happens at 4 higher threshold vaoltage
than the later device, The juncuonless wansistor which is also called “gated resistor” or “nanowire
pinch-off FET™ Is highly doped (typically ~8x10"™ em™ 1o 810" em™) 1o have an acceptable
threshold voltage. Commonly, o junchionless transisior has same doping concentration at source,
channel and drain regions. Thus. the structure of a JLT is N* = N* = N* for n-chunnel and P* —P* —F'
for p-channel in the source-channel-drain region. P* and N' pelysilicon gates are used fer n and p
channel JLT respectively (N'/ P dewote nghly doped with N/P-type dopants respectively). However,
noncunifornd doping in JLT has also been reperted; to obtain superior ON-stale to OFF-slate current
vutier (g Mo compared to uniformly doped JLT [29].

JETs have many advantages over conventional MOSFETs such as — better SCE performance
(reduced drain induced barmier lowering (DIBL) and sublhreshold stope (58} degradation) resulting
better sealability, lesser sensitive 10 doping Muctuations and negative bias thermal instability, greatly
simplified process flow and low thermal budgets after gate formation resulting in Hexibility m the
choice of materials for gate diclecwric and gate mewl ete. |26, 30-32]. Because of uniform and
homogeneous doping in the channel region, a ILT eliminates the subsequent annealing process and
the device can be fabricated with shorter channel lengths. In addition, JLTs offer low standby power
pperation and low gate indueed dradn leakuge [300 33-34|. Also, lesser fubrication steps reduce
process vost stgmficantly compared 1o junction based devices of similar dimension [35]. JLTs exhibit
lesser random telearaph-noise [36] and /6 noise [37] JLT has fully CMOS compatibility, With
constant device dimensions scaling, the elfective gae oxide thickness decreases. This increases
vertical electne field according te Takagi et al’s relation j = E™ [38-39]. The inversion carrier
mobality i a conventional MOSFET 15 reduced because of vertieal electric hield. For example when
technology node changes from 0.8 pr o 0013 . moebility decreases from 400 to 130 e V. The
vertical eleetric feld ina JLT is puch lower cosnpared to junction based MOSFET and acenmulation
mode devices as discussed below, Therelore. mobility in a JLT 15 not reduced much because af
vertical electric Field [40]. The conventional junction based device is normally an OFF device, as the
drain junction is reverse biased. It prevents current flowing through the device, To turn the device on,
an inverted channel is created by applying a gate bias. However, a JLT s normally an ONsdevice. The
workfunction difference between the gate electrode and silicen nanowire (1.1 V) shift the flathand
voltage and turns the threshold voltage into a positive value, Tn the ON-state, the device is in flatband
candition. Therefore, there is zero vertical electric field perpendicular to the urrent flow, Unlike in a
function based transistor where conduction mechanism s surface based; in a JLT, current basically
flows through bulk conduction mechanism. The threshold voltage depends on doping, cquivalent
axide thickness as well as on the width and thickness of the nanowires [21]. In & JLT, the OFF-state
current is determined solely by the electrostatic control of the gate and not by the lcakage current as iy

the case for junction based device. This makes JLT lesser sensitive 10 contamination [30].
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Chapter 1 Introduection

Junctionless transistor is studied theoretically with single, double, triple and gate-all-around
urchitectures; and fabricomted with wiple and gate-all-around architectures. Fig. 1.4 (a) shows the
schematic of first fabricated nanowire transisror (Trigate structure) along with (b)) ransmission
electron micrograph (TEM) of silicon gated reststor nanoribbuns of five parallel devieces with a
common polysilicon sate electrode [260].

However. along with the many advantages thut junctionless trnmstor oflers as alormentioned, it
has some disadvantages as well, One of the must impertant drawback of JLT s it saffer from lesser
ON-state current (1) anc hence transconductance (G0 compared 1o inversion mode MOSFETs due o
high doping concenation (Np) in the channel region [42]. Alse, to have a highly doped uniform
channel with such small thickness 1= 3—10 nm) is extremely challenging and expensive for non planer
kind of sfructure. The higher channel doping concentration to accomplish higher ON-stale current

miakes threshold voltage variation with doping conceniration as well s nanowire width [43-44].
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Chapter 2

Estimation of Analog, Digital and Low
Power Performances of Junctionless
Transistor (JLT)

We are in an era where customers of elecironic gadgets, always 1ok lor low power consumption of
the product. So, 1t is of high concern to eperate Lhe device ot lower supply voltage. However, there e
rare reports on low power operation of JLT. Recently, Ghosh et al. have reported the ulira low-power
analog/RF applications of JLT [47). They found that JLT has much higher performance compared to
iversion mode counterpant in regard of analog/RE applications: However, there are no reports on low
power aperation of JLT For digital applications yet. 1o best of our knowledge. Here, we report a
systenne study for digital perfornuance parameters of o shorter-channel DGILT e lower supply

voltage and performed its comparison wilh inversion mode counterpart.

2.2 Double-Gate JLT (DGJLT) for Analog Applications

2.2.1 Device Structore and Operation of DG]JLT

1 []
Gate Gate

Figure 2.1: Cross-sectional view of n-channel () junctionless (DGILT) (b) conventional inversion

maode symmetric double-gate transistor (DGMOS).

Fig, 2.1 (a) anc (b} shows the devive structures for DGILT and DGMOS respectively. A DGMOS
transistor has two pn junctions i.e., source-gate and drain-gate in source-channel-drain path and an n-

type DGMOS has N™ =P =N" strueture where current conduction is due 1o the inverted carmiers in the
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Chapter 2: Analog performances of a DGILT and BPJLT. Low power performance of DGILT

channel region. N™ meuans channel is lnghly doped with boron atems, A DGJLT has same structure a8
DGMOS transistor with the exception that there is no pa junction in the source-channel-drain path
i.¢.. an n-channel device has N™=N' =N~ structure and p-channel device has P™=P" =P structure, It
has uniferm doping threughout the source-chanmel-draim region, where only majonity carfiers carry
the current. Unlike a conventional DGMOS. where the channel is lightly doped or undoped, the
channel region of a JLT is highly doped (~8x10"— 8x10" ¢m™) 1o attain an appreciable threshold
voltage. A JLT uses P' polysilican as gate material tor n-channel device and N' polysilicon for n-
channel device respectively. Metal gate con alse be wsed as o gate material, For a JLT. the
workfunction difference between silicon layer (n-channel region) and metal gate (P, ) is given by

E TR
Gy =P, — 2’1—?”_-;}‘]"]“[ L 8 J 2.1)

Wy

Intertuce charges are neglected. Where, 3 is the elecron ulfinity and By is the band-gap encrgy of
silicon. k is Boltzman's constant and T is temperature. Ny and n, qoe the channel doping concentration
and intrinsic doping concentrauon respectively. For example, with Ny=1% 10" em”, the worklunetion
difference, @, ~1.12 ¢V, Therefore, even without any gate bias. the channel region of JLT is fully
depleted because of this warkfunetion difference. For this 1o happen the channel region of JLT is kept
thin. Therefore. current conduction mechanism in JLT s different thun myersion-mode and
accumulation-mode transistor, In an inversion-mode 1ransistor, with applied sate voltage, the channel
is weakly inverted followed by strong inversion of carriers. In aceumulation-mode transistor, with
applied bias the chunnel region is depleted followed by accumulation of camers at the surface.
However. for JLT, compared to accumuolation-mode transistor. gccumulation of carriers at the
surface huppens at @ much higher threshold voliage as shown kg, 2.2

In the subthreshold region (Vg < Vi), the channel of a DGILT is fully depleted. For a gate
voltage, Vs > Vi, the channel is partially depleted. When the gate voltage is equal 1o the flat hand
voltage, a completely neutral channel is created and current flows through the centre of the channel by
the bulk conduction mechanism. On further increasing the gate vollage, majonty camers are
aecumulated in the bulk of the channel region, unlike conventional nversion RGMOS transistor,
where inverted layer of carners are formed at the semicondactor—insulator mterface [46] Fig 2.3
shows the band dingram for the DGILT  from fully depleted to aceumulation region. The current
conditions depending on different gate and drain voltages for a symmetric DGILT for (a)
subthreshold fully-depleted, (b) linear partallv-depleted. (¢ sataration partially-depleted. (d) hnear
accwmulated, (¢) linear sccumulated & purtially-depleted. and () sauration secumalated & partially-
depleted are also shown in Fig, 2.4 qualitatvely.

In this work 2D numerical device sunulations are performed for the devices shown in Fig. 2.1,

using Arlas device simulutor [48]. The sty ations are carled eut using 1wo carmers Fermi-Dhrac
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Chapter 2t Analog performances of a DGILT and BPJLT., Low power perfurmance of DGILT

model without mapact fonization to aceeunt for highly doped channel. Band-gap narrowing (BGN)
and Schottky—Read—Hall (SRH) recombination models are included in simulations. As ligh-k gate
dielectrie. materiaks are used, quantn models are not incorporated for eate leakape purpose. The
mobility model includes both doping and transverse-field dependence. The technology parameters and
the supply voltazes used for the device simulations ure according to the International Technology
Roadmap tor Senmconduoctors (ITRS) guidelines [2]. Uniform n-type channel doping having
concentration Ny = 1 5%10" em™ for DGILT and Np=2x10"em™ for DGMOS are used in this study.
Typical value ol doping conceniration of 1107 con™ is wsed for source/drdin extensions of DGMOS.
Hafnium oxide (HIO; k = 22} is vsed a5 a gate oxide matenal having equivalent oxide thickness
(EOT) of 1 nmi. For a fair comiparisan of both the devices. threshold voliage is fixed at 025 V
corresponding W drain current value of 107 A al Ve = 50 mV by adjusting the gate workfunction,
which are 5.30 ¢V and 4.8 ¢V for DGILT and DGMOS respectively. The drain and source extensions
are taken as 20 nm for all simulations. The source and drain extensions (Ly and Lp) are typically
assumned 1o be shorter compared 10 channel length in arder 1o wvoid parasitic resistance effects, But.

we have taken such a value of Lyand Ly in order to predict the worse case situation.

2.2.2  Simulation Results and Discussion

Fig, 2.5 shows the electnc field distribution of the devices along the channel direclion close to the
silicon-oxide interface. The electric field distribution is symmetrical in source and drain sides for both
the devices at Vs = 30 mV., DGMOS has higher electrie field compared 1o DGILT in the channel
region. When the drain vollage is increased 1o |V, the electric feld on the drain side is increased for
the devices therehy resulting in an asymmetrical distribution on both sides of the gate as obvious,
Compared to DGILT. the DGMOS has retgined higher electrie field in the channel region for Vs =1
V.

Fig. 2.6 shows drain current (Tp) versus gate voltage at Ypg= 50 mY and 1 V. DGILT has lesser
leakage current and hence ean be sciled 1o shorer channel lengths compared to DGMOS. Camier
mobility of junctionless transistors is not reduced much due to its lesser scattering. Alse, JLT has
lower vertical electric field compared 1o inversion mode transistors m the ON-state Hﬂi In addition,
for a TGILT, the bulk current drives almost the total current [26] in the saturation region, however in
an inversion mode DGMOS. the current is deminated by the surface current component, Therelore.
ON-=state current of DGILT is lesser compared 10 DGMOS altheugh the values are comparable. ON-

state to QFF-state current ratio (law/Tom) and  subthreshold slope (88) of a nanowire kind of device

Page |7



Chapier 2: Analog performances ol & DGILT and BRPJILT. Low power performance of DGILT

Hxi0”
i g 14x10° ~#-DGMIGS  y _qy
B DGILT V=50 mV & DGILT A%
e 120107
5 ™~ '
> x (3
& P, 1.0410
gt: LS m
= W :
= EDx10
b "
i T e & oa1t
e E .ﬂ.
@ : a® 5% | apun : P
Buc ads Ty
: Ho"a® 5 ’
] o 2osic’
0 -
IEuurm Channel ppgq (PR . fies ILE'nannlJI Dmin

000 Qo2 D04 DOB 0.00 o2 o004 0.06
Position along the Channel (um)

Figure 2.5: Electric field (E} alony the channel length at ¥ ,s=30 mV (left Fig.) and 1 V (right Fig.). L
= 20 nm, Ty = 10 nm. EOT = | nm, Ny=1.5%10" em™ for DGILT and 2x10" em™ for DGMOS.

;.
w0°] DGMOS, V,, =1 ¥ "
E S DGILT. M, =1V  — #_._1;_:--%#!.:1. o84
E le] :
T o
o 107y e 2

T : . |
i A ! - s N {
E 107 g m“’:ﬂ P8 DOULT. Vo m50 mY
= 3 + _‘,)/ | —&— DBMOS! V=50 m¥
3 11 _/" k.
O 1] 1 A, |
< Py 185 (mWWdeg) DIBL (mV)
i . DGIOS| 672 156
= DGJLT | T2 54.8

10 1

T A P e e VR R

04 02 00 0z 04 05 08 10
Gate Yoltage, V__ (V)

Figure 2.6: Drain current vs. gate volluge at Vo= 30 mV (closed symbols) and |V (open symbols). L.
= 20 nm, T,, = 10 nm. EOT = 1 nm, Nyy=1.5x10" cm” for DGILT and 2x10" cm™ for DGMOS.

also depends on dimension effects as well. It is reported that nanowires with low diameter and oxide
thickness tend to Lave the best transistor characteristics [49]. The value of 55 for DGILT and
DGMOS are 72 m¥/dec and 87.2 mVidec respectively for channel length of 20 nm. S8 is delined as
the sate voliage shift for one decade change in drain current in subthreshuld region. The drain induced
barrier lowering (DIBL) value for DGILT and DGMOS are 548 mV and 156 mV respectively for
channel length of 20 nm. DIBL is defined as the difference in threshold voltage when the gate voltage
is increased from 50 mV o 1 V (DIBL= V (V=30 mV) — Vo (Vps= 1| V). The lower value vl 85
and DIBL makes the digital performance better for DGILT than DGMOS wansistor.
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Figure 2.7: Drain current vs. gate voltage of the DGILT at Vs = 50 mV lor (a) different channel
lengths, L = 60 nm, 30 nm and 120 nm, while Tg, EOT and Ny are kept constant at 10 nm, 1 nm and
1.5%10" em ' respectively. ib) different channel thicknesses, T, = 6 nm. 8 nm and 10 nm, while FOT,
L and Nj are kept constant at | nm. 20 o and 1.5x107 et pespectively. Both linear (closed
symbols, right y-axis) and log scales (open symbols. left y-axis) are plotied, (¢) different channel
doping concentrations, Ny = 1%10" cm™, 1.3%10"” e and 1.3x 10" em™, while ar T,, L and EOT are
kept constant at 10 nm, 20 nm and 1 nm respectively and (d) different oxide thicknesses at EOT=1
nm. 3 nm and 5 nm. while T, L and Ny are kept constant at 190 nm, 20 nm and 1.5%10" em™
respectively. Both linear (closed symbols. right y-axis) and log scales (open symbuals, left y-axis) are

plotted,

The drain current dependency on channel lenath, silicon thickness, channel doping concentration and
oxide thickness is investigated for a DGILT. Fig, 2.7 (a) shows the drain current versus gate voltage
characteristics of DGILT for different chunnel lengtlis, L = 60 nmy, 80 nm snd 120 mn respectively.
As expected, drain current is higher for Jower chunnel lengths when all other parameters are kept
constant, Fig. 2.7 (b) shows the drain current versus gate voltage characteristics of DGILT for
different silicon thickness, Ty = & nm, 8 nm and 10 nm respeetively. The number of bulk carriers and
hence the dritin current depends appreciably on the silicon thickness and its value is highest for Ty =
10 nm. Fig. 2.7 (¢} shows the drain current versus gale voltage characteristics of DGILT for different
channel doping concentrations, Np= 1x10"em™, 1.3x10" e and 1.5x10™ em™ respectively. Drain
current is highest for Ny = 1.5%10" e, Fig. 2.7 (d) shows the drain currenl versus gate voltage
characteristics of DGILT for different cxide thickness, EOT = 1 nm, 3 nm and 5 nm. The drain
current depends significamly on the oxide thickness and is value 1% highest for EOT= | nm. Similar

study for DGMOS is already reported and theretore not discussed here, However, from e
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Chapter 2: Analog performances of a DGIL T and BPILT. Low power performance of DGJLT

characteristics of both devices, it was observed that the threshold voltage of DGMOS is less sensitive
to silicen thickness and oxide thickness variations compared to DGILT. Nevertbaless, the threshald
voltage of DGMOS 15 more sensitive to channel length vanation compared o DGILT.

Ihe transcondueiance G, (= &l a0V <) s a hgere ol merit which indicates how well a device
converts a voltage to a current. Though the G, values are closer for both the devices, at lower zate
voltages (Vg < ~ (1.2 V), DGMOS has higher value in the super threshold region as shown in fig, 2.8,
The values of Gy Tor DGMOS and DGILT are 4.5 m$ and 1.9 m8 respectively a1 Vgg= 1V, An
important figure of merit for analog performance of a device namely. transconductance/drain current
ratio (Guflp): also called  transconductance generation Factor is also plotled with respect to zale
voltage. Vs an fig. 2.8 for u deain voltage. Vi, of 1 V. The G/lp parameter represents the efficiency
wla
for DGILT and DGMOS are 31.3 V' and 23.3 V' respectively at Vs = 0.2 Vo A smaller value of §5

of a transistor tw conver! de power into ac lrequency and gain performance |

for DGILT implies higher f},,.i"ln than DGMOS in the subthreshold region. G /1), is mainly controlled
by body factor of the devices o oweak nversion regmme; however ils value  decreases in

moderate/strong inversion regime due to the mobility degradation because of scattering ere. [33],
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Figure 2.8; Transconductanee/dram coment ratio (G and Transconductance [(0,) vs. gah: viltage
at Vos= | V. L =20 nm. Ty = 10 nm, EOT = lani, No=1.5%10" tm™ for DGILT and I',x';Eﬂ cm” for

DGMOS.

Fig. 2.9 () presents the degin current and drain outpul conductance Gy (= 810/FV ) variation with
drain yollage. Vs for a Bxed valve of Viag = | V. The DGMOS carries higher current and hence
outpur conductance than DGILT due wits higher electrie ficld @ Vg = 1V [pefer fig, 2.2). The valoe
of Gy, for DGMOS and DGILT are 147 (k{27 and 2.7 (ke respectively at V=002 V, Fig, 2.9
(b presents the ourput resistance (Ra) with respeet to Ve DGILT offers much higher value of Ry
due 10 smaller stope in 1p-Viss characteristics as compared to DGMOS. The values of Ry, for DGILT
and DGMOS are 5.3x10” Q and 462107 Q respectively it Vp=0.005 V. Barly voliage. Vi, with
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respecl 10 Vigg is also shown in fig, 2.10. Vi is higher at larger gate voltages #s expected from the
slope of 1;,-Vy5 characteristics [refer lig. 2.9 (a)]. Early voliage can be derived lrom output resistance
and vice versa as :

Visa = Ro T (2.1

Where. I, ., is the saturation current. The intcinsic gain Ay (= GaRo) with respect to Vs is also

plotted in fig. 2.10. The intrinsic gain of a device can be writlen a5

V.G
G.R,=—2"n (2.2)
1!'.! LWt
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Figure 2.11: (1) Gate 1o source capacitance (Cgg) and (b) Gate to drain capacitunce (Cep) vs. gate
viltage at Vis=[ V. L =20 nm,. T, = W nmn, EOT =1 mm, N,,:I.Sx]ﬂw ent” for DGJLT and 2%10%
em’ lor DGMOS.

The gain values for DGILT and DGMOS ut Vg = 0.2 V are 97.4 and 29,7 respectively.

The parasitic capacitance of « device mainly consists of two parts namely oxide gencrited and
junction generated compenents. As there ane no pn junctions 0 a junctionless Transistor in Source-
channel-drain path, junction related capacitances are not considered in this study. The intrinsic
capacitances depend on the operating region of the device. Fig. 2.11 (a) and fig. Z.11 (b) shows the
gate-to-source (Cegg) and sate-to-inun (Cgp) capacitances as & tunction of Vi for Ve =1 V. All the
capacitances are extracted from the small-signal ac device simulations at a frequency of | MHz.
DGMOS has the higher value Cpe and Cgp, hoth in the subthreshold and superthreshold region as
compared to DOJLT. The gate-to-bulk (Cyy) capacitance value for the devices is much lesser than Ces
and Cep. DGILT has higher Coy value as compared to DGMOS (not shown), Higher value of Cgs and
Cen is due to higher electron concentration in the source and drain side respectively. The unity-gain
cut-off frequency (fr) is another usetul figure-of-merit for analog applications. It is given by

G

f = 23
I ‘?"’r{["ti‘i + C#.’lll + C(_-il. }

Fia. 2.12 (a) shows the variation of Iy with Vs for Vpg= IV, At lower Vs, fr is almost same for all
the devices due o almost same values of transconductance. The DGILT has higher value fr than
DGMOS lor Vs> ~ 045 V. fy depends on Cer, Cop e Gy As the Gy, value is higher for DGMOS
compared 1o DGILT especially at higher Vs, f7 is higher for DGMOS compared to DGILT. With
such fr values, both the devices cen meet ITRS guidelines for the specified voltuges and dimensions.
Our simulations Tor DGILT are calibratesl with [46] for channel length L = 1 pm, EOT = 7 nm,
channel doping concentration Nj, = 110" em™, source/drain extension = 10 nm and device layer

thickness of 10 nmal Vs =50 mV. As shown in fig. 2.12 (b). both the results wre closely matched.
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Figure 2.12: (a) Unity gain cut-off frequency ([;) vs, gate voltage at Vg =1 V. L =20 nm, T, = 10
nm. BOT = | nm. Ny=1.5x10" em” for DGILT and 2x10° em™ for DGMOS (b) Calibration of vur
simulated Iy-Vis chassieteristic for DGILT with [37) a1 Vig=50 mV for L= | pm. T=10 nm. EOT
=7 nm, Np= 1x10" em™, LsfLy = 10 nm.

2.5  Summary
DGILT offered 1.3 times higher transconductance o drain current raug at Ve = U2 V, 2.0 times
higher output resistance at Vg = 0.9 V and 3.3 times higher intrinsic gain at Vee = 02 ¥V when
compared to a similar DGMOS device. However, in DGMOS. drain current with respect to drain
voliage was 2.8 tinies higher at Vgy = 0.9 V and unity gain cut-off frequency was 2.7 umes higher at
Vas = 0.9 V compared 1o DGILT. Among the two devices. DGILT is more suitable for low
trequency, hizh gain applications while DGMOS is more suitable for high speed applications.

DGILT presents superior digital performance when compared with the conventivnal inversion

mpde DGMOS transistor at low drain voltage also.
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Chapter 3

Estimation of Process—-Induced Variations

and Effect of Temperature in DGJLT

3.1 Introduction

Junetionless transistors (JLTs) have some disadvantnges in regard of process variations as described
below, Unlike, a conventional MOSEFET where channel is enther undoped (doping concentration, Ny
~1.5%10""em™ or lightly doped (N, ~107-10" ¢m™), the channel doping concentration of a JLT is
much higher (N, ~83x10%8x10" em™) as mentioned in previous chapter. This high doping
concentration in JLT is required to ensure o comparable ON-state current s that of IB counterpart
device while maintainig 1Tt band condition at the ON-stiate to enhance the carrier mobility as a result
ol recuced surface roughness scaitering. For TB device; reduction of channel width (W,,) means the
channel region is more controlled by the gate, That is, SCE decrenses with decrease in W., and hence
threshold voltage decreases with undeped or lightly doped channel. However, for JLT because of
highly doped channel, threshold voltage s more sensitive o W, Although Colinge et al. predicted
that random dopant Mucteation in junctionless wransistors would become small due to its jurction free
nature [40). comprehensive anulysis of thieshokd voltige fluxtuation caused by random fluxtuation
and W, varation 15 still necessary.

Chei et al. reported the sensitivity of threshold voltage to nanowire width variation for gate-all-
around junctionless transistor (GAA JLT) [41]. They foond that Vo variation with silicon thickness is
more i GAA TLT than IM counterpart, A TLT suflers from more threshold voltage (Vo) varation
with random dopamt [uxtuations than inversion mode (IM) counterpart [43-44]. A systematic
investigation of the other process parameters on electrical perfonoance of JLT is still lacking in
literature. In this work, the impact of process induced variations on the electrical characteristics of an
n-type junctionless symmetric double-gate transistor (DGILTY is reported. The process parameters
consudered here are gite length (L), thickness of silicon film (T,) and gate oxide thickness (T, ). The

impact of these process parameters on the electrical parameters viz., ON current, threshold vellage
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(V) and subthreshold slope (SS) are systematically investigated with the help ol extensive device
simulatians.

AL high temperature (T}, inversion made (IM) devices vsually wounld not succeed because of
increased subthreshold swing, threshold volage shift and ingreased leakage current. However, as the
operational principle of JLT is different flom IM devices, lemperature dependence on the electrical
characteristios are expected to be different in JLTs. A JLT has high electric field in the subthreshold
region and zero electric field in the ON-state, converse to an IM device. Park et al. reported that JILTs
show more marked conductance oscillations at high temperature compared to IM devices [51], Deria
et al. had reported that early voltage and gain are improved with emperature for JLTs unlike
conventional MOSFETs. Junctionless transistors show larger thresheld voltage vanation with
temperature than classical MOSFETs (hough JLT MugFET devices present excellent properties for
high temperature applications [33]. Temperature dependence on the digital and analog performance
parameters of 4 DGILT is systemarically investigated wath the help of extensive simulations and

compared with DGMOS of similar dimensions.

3.2  Process-Induced Variations in the Performance of a DGJLT

3.2.1 Device Structure and Simulation Setup

The device structure for an n-type symmetric DGILT and DGMOS are shown in Fig. 2.1 Here,
threshold voltages of the device having gate Iength L = 20 non s Fixed at 0.2 Voat deain voltage Vg =
| V which corresponds 1o drain current of 107 A by adjusting gate workfunctions which are 5.3 eV for
DGILT and 4.8 eV for DGMOS respectively. The channel doping concentralion of DGILT is
considered as 1.5 10" cm™, For DGMOS, channel and sowrce/drain doping concentration are 2x10"
e and 1x10% e respectively. The source und driin extensions (L and Ly} are taken as 20 nm.
The simulatens were carried out using two carriers, the Fermi-Rirac model without unpact nlAaton,
doping concentration-dependent carricr mobility and ¢lectric feld-dependent carrier madel. Bund pap
narrowing model was included. Shockley-Read-Hall (SRH) recombination/ generation were included

in the simulation w© aecount for leakage curents.

3.2.2 Sunulation Results and Discussion

Fig 3.1 (a) shows the ON-state current of the devices at chunnel lengths L = 20 nm to 100 am at T, =
| nm and Ty = 10 nm. In wll stmulations, ON-state current is extracted af a drain voltage of 1 V. The
ON-clate cument for the devices with respect 10 L follow similar end. Fig. 3.1 (b) presents the V,

change and S5 variution with respectto L ar T, = | nm and T, = 10 nm. 88 is extracted as the change
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in the pate voltage for one decade change in the drain current in the subthreshold region at a dran
voltage of 50 mV. Both Vi and 85 with respect to L are lower and Jess fluctuating for JLT than IM

transistor s SCEs are improved in such devices due to its junction free nature.
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Figure 3.1: (a) Ty and (b) threshold veltage and subthreshold slope vanation with physical gate length

at Tye=1 nm and T,=10 nm, channe!l doping concentrution, No=1.5% 10" em™ for DGILT and 2x10"°

e for DGMOS.
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Figure 3.2: (a) 1oy amd (B) threshol] voliage and subthreshold slope vacation with silicen thickness

for L = 20 am. T, = 1 nnt. channe! doping concentration. Np=1.5%10" em™® for DGILT and 2x107

e for DGMOS.

Fiz. 3.2 (a) shows the ON-state current of the devices at silicon thickness Ty =6 nm to 12 nmat L
=20 nmand T, = 1 nm. DGILT sufters from shightly more ON-state current vanation with respect to
sihcon thickness compared to DOMOS, Tlus is becaose there is more Vo variation with respect 10
silicon thickness for DGILT as compared to DGMOS as will be expluaned in next figure, ¥y and 55
variation with T,, are plotted in Fig. 3.2 (b) ut T,, =1 nm and L = 20 nm. There is significant variation
of threshold voltage variation with respect to silicon thickness for DGILT than DGMOS. Both the

devices follow the almost similar variation of 85 with respect te T, For inversion mode transistors
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10 nm, T., = | nm, channel doping concentration, Ni=1.5210" em™ for DGILT and 2x10" em™ for

DGMOS.

therg are two trends in the characreristics of Vo versus T, One Tor lowe channel deping concentration
[1U'!' cin” 1o 10" o), 85 decreases with inereasing T, and hence ¥y decrenses. 1o contrast, with
channel doping concentrations greater than 10" cm™ threshold voltage ingreases with thickness (not
shown) [41]. On the other hand. JLT needs a heavily doped channel 1o ensure a high ON-state current
while keeping flat band condition at the ON-state [26, 30]. More sensitivity of Vi in DGILT may be
attributed to the rundom depants in highly deped channel in 11T,

Variohien of ON-state current with gate oxide thickness is plotted in tig. 3.3 (a) for Ty, = 0.3 nm-
1.2 amat T, = 10 nm and L = 20 nm. For inversion mode transisior, ON-stale current decreases very
marginally as oxide thickness increases, Because, as T, increases, gate to sourcefdrain capacitance

decreases (C is inversely proportional 10 T,,) and hence ON-state cument increases. Howewer, the
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trend s dissimilar lor DGILT. ON-state current marginally mereases from T, = 0.8 nm to | nm. alter
whicl it deceases slowly. Vpand 88 variation with T, are shown infiz. 3.3 (bjat Ty= 10 mnand L =
20 nm. S8 variation with gate oxide s almost same for DGILLT and DGMOS. Threshold voltage
variation with gate oxide 1s more for DGILT than DOMOS especially below T, of | nm. When oxide
thickness is very thin, zate hos more impact on the channel, At kigher gate voltage (Vg = | V), the
random doepant fluctuations is more, which shifts the threshald voltage considering ar very lower
oxide thickness. The ON-state current varigtion with elflective gate length (Lig) 15 plotied in fig. 3.4
{(a) lor L= 18 om-22 nmoal T, = 10 nm and T, = 1 nm. The vaciation is almost egual for the devices.
WV and 88 variation with Lo are plotted in fig. 3.4 () st Ti= 10 nmand Tw= | nm. The variation in
Wy and 58 with channel length is lnrger for inversion mode device due to the resistance of the gale

overlapfunderlap region |52]
3.3 High-Temperature Effects on Device Performance of DGJLT

330 DPevice Strocture and Simulation Setup

The device structure for an n-type symmetric DGILT and DGMOS are shown in Fig. 2.1, Threshold
voltage of the device is fixed at 0,25 ¥V which corresponds to drain current of 107 A at drain voltage,
Vie = 50 mV al room lemperalure, The corresponding gate workTunction at this Ve are 5.35 eV for
DGILT and 4.8 eV for DGMOS respectively. The source-channel-drain region has unifarm n-type
doping concentration (Ny) of value L3x10™ en” tor all simulations. HIO, is used as gate oxide
material having equivalent oxide thickness (EOT) of | nm (T..). The silicon thickness (T.;) s taken as
1) nm. The source/drain extensions {Ly/Ls) are taken as 20 nm. Drn voltage is taken as 1V, The
simulations are curried oot using two cwriers Fermi-Dirae model without impact ionization to account
for hichly doper] channel, band-2ap navrowing (BCGN) and Schottky—Read-Hall (SRH) recombination
models are ineluded n simuliions. As high-k gate diclectric materials are vsed, guantum medels are
not imcorporated for gate leakage purpose. The mobility model meludes both doping and transverse-

lield dependence.
31.3.2  Simmlation Results and Discussion

Fig. 3.5 (a) and 3.5 (b) shows the 1,-V ;g characteristics of the devices at ¥ps= 1 V in both linear and
log seale. With increase in temperature (T). the threshold voltage decreases and hence the drain
curren! increases for both the devices. In mversion mode (1M} devices, thongh Vo reduction increascs
1, mobility reduction due 1o phonon seattenng eveniually decreases the drin current [79, 80]. At a

particular gate voltage of ~ 0.8 V_ both these effects compensate each other and it is called the “zero
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Fizure 3.3: Li-Vgs characteristics at varicus temperaures of Ty = 10am. Ty = 1 mm, L= 20 nm at
Vs =1 W for (a) DGILT (b) DGMOS, Channel doping concenuwtion, Ny=1.3x10" e for DGILT
and 2%10" em™ for DGMOS,

temperature coefficient” (ZTC) point. However, in JLTs, reducton m mobility with temperature is
miuch lower than other type of transistors and hence current increases monotonously and there is no
ZTC point [42].

Fig. 3.6 shows the ON-state and OFF-state current for the devices at different temperatures al a
drain voltage of I V, lpy and Lyg are extracted at gate voltage of 1V and @ V respectively. Ioy is
higher for IM devices us compared to JLT due to higher mohility in the former. The ON-state current
of DGILT mnereases very marginally with increase (n lemperatore all 400 K, alter which Ly is almost
independent of temperiture, Mobility ina highly doped JLT is governed by impurity scattering which

varies by T°% and phonon scattering which varies by T [53]. Both the effects compensate with euch
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Figure 3.7: Subthreshold slope and draim-imdueed barrier lowering variation with temperature ¢l Tif/=
10 nm, Te = | nm, L = 20 nm. Channel doping concentration, Np=1.5%10" ¢cm™ for DGILT and

2210 em™ for DGMOS.

other and mobility is almost independent of temperaiure. As expected, ON=state cutrent of DGMOS
decreases with increase in temperiture due 1o reduction of surface mobility by phonon seattering. The
OFF-stale current increases with increase in temperature dus to increase in infrinsic camicr
concentration n,, The leakage cuwrrent increases rapidly with increase in temperature for DGMOS after
350 K. However, for DGILT. leakage current mcreases very slowly Gl temperature of 400 K after
which it increases faster. Fig. 3.7 presents 88 and DIBL variation as a function of Vs at ditlerent
temperatures. S8 represents the OFF-1o-ON switching capability of & device and is defined ay the gate

voltage which could cause one decade change in drain current in the subthreshold region. DIBL is
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Chapter 3 Estimation of Process-induces variations and Temperature on DGILT

extracted as the threshold voltage change when dram voliage shilts from 50 mV o 1 V. Due to
junction free nature, JLT offers better SCES making 85 and DIBL lower as compared 1o inversion
mogle counterpart as mentioned in previcus chapier. As DIBL predicts Tpwfog rato, it s g key
parameter for low-voltage CMOS [54], 58 and DIBL mcreases monctonously with increase m
emperature for both the devices. Both 55 as well as DNBL variations with femperature are almost

similur for the devices,
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Figure 3.8: G /I variation with temperature of T,= [0 nm. T, = | nm, L = 20 nm at Vpe= 1 V.

Channel doping concentration. Ny=1.5x10" em™* for DGILT and 2x10" cm™ for DGMOS.
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Figure 3.9: Drain current variation with respect 10 drain voliage af different temperatores of T, = 10

nm, Tor = | nm, L=20 nmat Yez= 1 V. Channel doping concentration, Nyy=1.5%10" em™ for DGILT
and 2%10"7 ¢ for DGMOS,

Fiz. 3.8 presents G/1; variation with emperature at Vg = 1 V. In the subthreshold region, G/1p 15

higher fior DGILT us compured to DGMOS for all temperature ranges because of lower subthresheld
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cumrent of the Former, G,/1; decreases with increase in temperature for both the devices in the
subthresheld resion. Both show almost similar behaviour because of their similar body factor. When
operated at ON-state pate voltage (Vg = 1 V), Gu/Ty of both the devices are independent of
lemperature, Fig, 3,9 shows the drain current variation with respect o drain vollage at dilferent
lemperatures for a gate voltage of 1 V. Due to reduction of mebility with increase in lemperature,

drain current with respect to drain voltage decrenses with an increase in temperature for DGMOS.
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Figure 3.10; Intrinsic gain (GR;) variation with respect to gate voltage at different wwoperatures of
T.=100m, T = | nm, L =20 nmat Vis= 1 V. Channel doping concentration. Ny=1.5%10" ¢ for
DGILT and 210" em™ for DGMOS

Hewever, as alorementioned, in JLTs, the mobilivy is less sensitive w temperalure, Therelore, current
increases only marginally with increase in temperature. Fig. 3,10 shows the intrinsic gain (GuRo) of
the deviees as o funetion of gate voltage at a drain voltage of 1 V. G Ry decreases with increase in
temperuture for hoth the devices; though the change is more for DGMOS compared to DGILT. As
seen from the ligure, al a gate voltage greater than = 0.7 'V where the device will be actually biased for
high frequency operations, the intrinsic gain of DGILT is almost independent of Iemper:i':ure. This is
again due to lesser maobility change in DGILT as eompared to DGMOS. An input sinusoidal small
signal with | MHe frequency coupled with DC bias is applied to the gate clectrode for ac simulations.
The gate capacitance Cey; t= Cpy+Coyy) is shown in fig. 3.11. The gate capacitance is lower in JLT as
compared 1o IM devices. In IM devices, the channel is exactly under the gate oxide and gale
capacitance is given by WxLxC,, for low Vs, Where Gy, is the oxide capacitance and W is the width.
However, for a DGILT, channel is buried in the centre of the silicon layer. Gate capacitance is series
combination of Cy, and Cyyy. whereé Cyy is the capacitance of the depletion region between S5i-HIO,

interface and the channel [55]. So, the minimum gate capacitance (Cag i) €20 be expressed as
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(3.1)

Lower value of gate capacitance helps in lowering the intrinsic delay of the device. Fig. 3.12 shows
gy

the unity gain cat-off frequency ( f, =G, H{27(C +C, +Cy 1} ) as o Tunction of gate voltage for

different tlemperatures for bath the devices.

0.70+
DGMOS —w— 300K T
0.65 4 < 400K Eﬁlﬁj"!"
0.60 - B 500K ﬁ'g
v
0.55 iﬁ{tﬁp SHOK 3
—~ 0.50- 500K paiy A
L Wity aAngal
T 045 P tyY AAeH
o ady ﬁ! &
& 0.404 Sl ﬁﬁ :
() P g
(.35 500K 1A 300K
(.30 4 ‘A'l.: i)
Agau BEJLT —&— 509K
025 Ay g
.t.i,’.l @ - 4COK
0.20 - tuﬁtzl 8 300K
015"~ . —
0.0 0.2 0.4 0.6 0.8 1.0
Gate Voltage, V_ (V)

Figure 3.11: Gate capacitance (Ceg) as a function of yate voltage at different temperatures ol T = 10
am. Thoe = 1 am, L = 20 nm at Vis= | V. Channel doping concentration, Ni=1.5%10"" em™ for DGILT
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[y 15 higher for DGMOS os compared to DGILT because of higher Gy, in the former. fy is higher for
higher temperature for hoth the devices till pate voltage of -~ 0.85 V after which the case is reversed in

accordince with aforenientioned Z1C point.

3.4 Summary

The elfects ol varations m provess paraimeters on the clectrical characteristics of a junctionless
symmetric double-gate transister (DGILT) were explored and compared with inversion mode
counterpart with the help of extensive device simulatipns. ON current variation with respect to T, was
higher for DGILT compared to DGMOS, Vy variation with respect to silicon thickness and oxide
thickness is greater for DGILT compared o DGMOS. The variation of WV, with respect lo physical
channel length is comparatively lesser in DGILT than DGMOS. The 88 variation with respect w L,
T, and T, were almost sirmilar for both devices. In summary, DGILT eleetrical parameters were more
immune to channel length variations, while DGMOS were immune o T, and Ty, vanations.
Temperature dependence of the electrical characteristics of an n-type DGILT is investigated. Iy
increases neglizibly with increase in temperature for DGILT; in contrast it follows the opposite trend
i DGMOS. Drain current with respect to drain voltage mercases with increasce 1o increasc in
temperature, following the vpposite trend in DGMOS. Intrinsic gain decreases with respect 1o T for
DGMOS; however, for DGILT, G.R, 15 almost independent of terperature after a gate voltage of -

0.6 V. The trend of fy change with temperature 18 same for both the devices.
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Chapter 4

Impact of Active Well Biasing on Process-
Induced Variations of a Bulk Planer
Junctionless Transistor

In this wark, the inipact of process parameters namely gate length (L), thickness of sihcon {ilm (Tsi)
and gate oxide thickness (Tox) with increased well bius on the electrical parameters viz,, drain current
(I;)), threshold voltage (Vy), subthreshold slope (SS) and drain induced barrier lowering (DIBL) of u
short-channel bulk planer junctionless transistor (BPILT) are systematically investigated with the help
of extensive device simulations, The effeet of positive well bias is wilized o improve the hot carrier
effect of a BPILT. The effect of well doping concentration on threshold voltage is studied, The

threshold vollage viriations with respeet o well bias for different temperatures are stuched.

There are many reporis on the effects of well bins (Vi) on the performances and reliability of a
single/multi-gate conventional MOSTET [36-066]. It is reported that active-well bissing cun conlral its
dynamic threshold voltage: forward well-biasing also helps in extending scalability of bulk-silicon
technology: and improves hot-cartier relinbility. Also, sensitivity of hot-carier rehability is dependant

of gate length

Drlnuiu Tok "'im”'.” ¥ ]]'ttuin

Tsl

Figure 1: Cross-sectional view of (a) bulk planar junctionless transistor (BPILT) (b) SOI Junctionless

transistor (SO1-JLT ).
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for a given technology and body-bias factor, However, there is no systematic repoit on the effects of
well bias on process purameters and hot-carrier relinbility of a JLT to best of our knowledee, Here,
effects of well hias on device performance prrameters, nunely, threshold voltage (Vq), 58, DIBL for
varying channel length (L) silicon thickness (To) and sate-oxide thickness (T} are studied for a
shorter-channel length bulk-planer JLT with extensive device simulations using Silvace TCAD

simulations [45].

4.1  Device Structure And Simulation Setup

The device structure of the bulk pianer junctionless transiztor aleng with its 501 counterpart re., 501-
JLT are shown in Fig. 1. The working of the devices is explained in [14]. Device layer doping
concentration (N} of 1.5%10" em™, well doping concentration (Ny) of 1x10"%-5x10" cm™.
cquivalent gate oxide thickness (EOT)=1-2 nm, T, =6-=12 am, L=/0-50 nm and source/drain
exlension length (Ly/Ly =20 nm are considered for TCAD simulations. Lombardi miobiity mudel
accounting for the dependence on the impurity concentrations as well as the transverse and
longitudinal cleetrie field values. Shockley-Read-Hall (SRH) recombination model to account for
leakage currents, Fenmi-Dirac carrier stalistics without jmpact  jonization, Band gap narrowing
model (BGN) w take care of the band gap nirowing effect are used for simulatioms. Quantum effect

is not considered except through the substrate-clrain region. The wansfer characteristic is calibrated

with [14].
4.2 Simulation Results

It is reported that bulk planer JLT shows higher ON/OFE-state current ratio and better short-

channe! characterisucs than
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Figure 2: Electric ficld along the channel direction near the silicon-oxide interface for different well
bias 4t Vig=1 V. L=20 nm, Tsi=10 nm, Tox=! nm. Np=1.5210" em”, Ny=5x10" em™
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Figure 3: Transfer charocteristics both in linear (right y-axis) and log (left x-uxis) axis for differem
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a simalar dimension SOT version of the JLT (SOEILT ) 14

The reason they claimed is that in bulk planer JLT, channel-well junction produces an additional
depletion region which reduces the “effective channel thickness™ improving the controllability of the
eate and can be explained as follows. In a BPILT. with no applied bias, the device layer is depleted
from both top (because of its work function difference with the gate electrode and device layer) and
battom (device layer-well), The secuon of the physical device layer that is depleted by the gate al zeiv
bins is the “effective device layer” When a positive bids is applied 1o the gate, this effective device

layer comes cut of depletion and results in & conducting channel between the source and the drain,

Thus, in the OFF-state. the device layers are depleted Irom both top and bortom of the channel
region of the device. In the ON-swte. however, o fraction of the device layer at the 1op—
corresponding 1o the effective device layer—is in Aatband, and the rest of it sull remauns depleted.
Thus. a continuous conduetion channel is formed in the ON-swie, of which thickness is equal 1o lhe

effective device layer thickness, In

+ .
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Figure 5 Varation of threshold veliage at a drain voltage of 1V with well bias for L=10-50) nm,

Tsi=10 nm, Tox=| nm, Np=15x10" em™, No=5%10"" em™.

"

case of SOL-JLT, the whole channel region is in the tlathand region in the ON-state. Thus, for a JLT
effective device layer thickness is thinner than physical thickness, The thinner effective device layer
in the case of the BPILT suggests that the device layer would be more controlled by the gate and
consequently it would exhibit beter eleetrostatic integrity than SOI-JLT. Also, it exhibits helter
ToeifTope than SOI-11.T,

Now with increased well bias, the effective device tayer thickness increases fora JLT resulting in
4 decrease ol comrollability of the gate on the whole channel region and hence subthreshold

characteristics are degraded. Thus. OFF-state current inereases with increase in well bias. As a
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consequence, with increased well bias, the threshold vollage decreases, A JLT has high verticul
electric field in the OFF-state and near zero (.o, flatband) electric feld in the ON- state [29]. Thus,

with increased well hias which results in more reduction in depletion region. T,

As shown in Fig, 2, with increased well bias towards positive value, the ¢lectric field is decreased

in the drain side, resulting in lowering of hot carrier effect for aforementioned
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g
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Figure 6: Subthreshold slope and drain induced barrier lowering with well bias for different channel

length, Tsi=10 nm, Tox=1 am, Ny=I S5x10" en?®, Ny=5x 10" en™®
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Figure 7: Variation of threshold voltage {at Vig=1 V) and subthreshold slope with well bias for

different gate oxide thickness. L=20 nm, Tsi=10 nm, Tox=1 nm, Np=1.5%10" em™, No=5%10" em™.
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reason, The transler characteristic of the device with increased well bias is shown in Fig. 3. As can be
seen. though the ON-staie current is improved slightly for higher Vi, OFF-state current is degraded

making degradation of §,/T

In a conventional MOSFET, the depletion charges remain mostly around source-channel-drain
interface;, however, for a JLT in the OFF-stale whole of the substrale region is depleted of carriers.
Unlike conventional MOSFET, where threshold veliage is dependent on the pn junction voltage, here
in junctionless transistor 1018 determined by the amount of depletion charges. There is more threshold
voltage variation with  silicon laver thickness ol a junctionless  transistor compared 1o an
inversion  mogde  transistor due 1o more  channel doping concentrition for the former device
168-09] However, there 1s less varisuon in the threshold voltage in junctionless transistor with an
increase in channel length for the sume substrate thickness for reason mentioned above. Fig, 4 shows
the variation of threshold voltage (at Vie=1 V) and subthreshold slope with well  bias  lor

different  subsorare

D
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0,24 —
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0184
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1e"” 58 16! g 1™ 5"

Well Doping Concentration (/lcm™)
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Figure 8 Variution of threshold voltage (al Vig=1 V) owith well doping concentration for different
channe!l doping concentration. L=20 nm, Tsi=10 nim, Tox=1 mim. Np= 1. 510" cm, Ng=5x10"% e,
Va0V
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Figure 9 Variation of threshold voltage (ar Vis=1 V) and DIBL with well bias lor temperatures

T=27°C=200°C. L=20 nm, Tsi=10 nm, Tox=1 nm, Np=1.5x10" cm™, Nu=5x10" em”,

thickness. With an increase in well bias, threshold vollage decreases because of decrease in depletion
region thickness. The variahility increases slightly with an increase in channel doping concentration,
With increase in the well bias which results in un inerease in the effective device layer thickness, the
gale controllability decreases. resulting in an increase ol subthreshold slope: and this effect is more

intense for increased substrate thickness,

With increased well bias, Vr decreases for different values of L: however, the rate of decrease i
slighily higher for reduced L as seen in Fig. 5. Prescoted in Fig. 0. 55 and DIBL increases shghtly
with well bias with the same trend for different L values, losflorr decreases slightly wath positive
values of well bias, These trends of changing Vi, $8 and DIBL is similar for different values of Ty
and T., [Fig. 7] us well. Well doping concentration also takes an importnt role in the device
variability of the BRILT. With increase in the well doping concentration. the worktunction difference
between substrate region and p-type well region increases resulting in increase of depleted charges
und hence threshold voltage as can be seen Fig. 8. This results in improvement of OFF-state current.
However. with increase in well doping concentration, Loy degrades because of effective flatband

region in the channel region in the ON-state for reasons mentioned above.

=

In 1 conventional MOSFET, the decredse of threshold voltuge with temperature tends 19 increase
the drain current, while the reduction of mobility due to phonon scatlening with temperature tends
decrease it [70]. However. in junctionless transistors. the reduction of mobility with temperature is
much lower because of the hulk conduction mechanism [33, 35]. As a result, current incrascs inu
monotonpus manner with increase in temperature, This makes junctionless transistor favourable for

high temperature applications. However, junciionless transistor has high threshold voltage varation
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with temperature compared to conventional and sccumulation-mocde MOSFET because of high
channel doping concentration. So. there is a reliability issue of high temperature applications of
Junctionless transistor, Thus, junctionless mransistor can be used for high temperature applications
where 510 15 generally used, provided threshold varintion lies within the rolerance limir. However,
high quality defect and dislocation free SiC substrate are difficult to get and costly |71-73], With an
increase in well bias, the rate of decrease in threshold voltage with temperature increases as shown in
Fig. 9. With an inerease in well biss. threshold voltage deereases for any wemperature. The decrease is
more prominent for hisher temperature. Well bias can be wtilized 1o have a desired value of the
thieshold voltage at a miven temperature. DIBL degrades for higher temperature: and it is worsl for

higher values of well bias.

4.3 Conclusion

The effects of well bins are utilized w0 improve the hol carrier effect of a bulk planer juncticnless
transistor. The effects of well bias on the device performance parmmeters, namely threshold voltage,
clrain current, 88, DIBL are studied. Though positive well bias helps in improving hot camier etfect;
¥y decreases and 55, DIBL incregses with Torward Vi Ter dilferent values of L, Tsi, Tox with almost
similar trend. The change in threshold voltage with respect 1o the well doping concentration and well
bras will affect cireuit design reliahility. Well doping concentration helps in improving the OFF-state
current of the device a1 the cost of slight ON-state current degradation which however increases
los/luer ratio. There is more Vo decrease with an increase in well bias for higher temperature, Well

bias thus can be used to set the threshold voltage at any desired value,
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Chapter 5

Channel Potential and Drain Current

models for shorter—-channel length DGJLT

5.1 Introduction

Lookmg at the low leakage currents and other advantages as mentioned o previous chapters; o JL.T
can be adjusted as a prospective candidate for low power cireuit design applications in future
technology nodes, and therefore, an analytical compact model of junctivnless transistor is sought
after. Since the device physics of DGILT is fundamentally different than the JB MOSFETS, the
existina models for DG JB MOSFETs do not directly apply. There are many reports on
analyticalfsemi-unalytical medelling for potentiul and drain current cither for long-chanpel or short-
channel length junctionless teansistor in double-gate, wigate and gate-all-around architecture fill date
[44, 46, 74. 75-76, 77, 78, 79-90]. Some of them are valid only in subthreshold region and sone are
applicable from subthreshold to accumulation region. Alse. some of the models are developed
piecewise (region-wise) and some are non-piecewise. Gnani et al. reporied a charge hased cylindrical
model for JLT [63], Chen et al. reported a surfoce pulential based piecewise model for drain current
for long channel DGILT [77]. Sullese et al, demonstrated a charge bused model for drain current for
long channel DGILT [74]. which may cause some convergence problen us indicated by [77]. Lime et
4, demonstrated a charee based simple compact model for drain current of DGILT [79]. Duarte et al.
proposed a nonpiecewise full-range drain current model for Jong-channel DGILT [76], They also
proposcd an analytical bulk current model using the depletion width concept for long channel DGILT
[46]. but neglected (he accumulation region. They also have reported 4 compact mocde] of quantum
electron density at the subthreshold region for DGILT [80]. They also proposed a ngnpiecewise
model for long channel junctiontess cylindrical nanowire FETs [81]. Chiang derived a quasi-2D
threshold voltuge model for short-channel DGILT | 78] Gnudi et dl, propesed a seminnalytical model
of the subthreshold current of DGIJLT [97]. Trevisoli ot al, derived a physically-based threshold
voltage definition and extraction method for trigate JLT [82]. Trevisoli et al. also reported threshold
voltage model for JLT with cylindrical and rectangular geometries [83]. Trevisoli et al. proposed a

drain current mode! accounting short-channcl-ctleets for o p-type gate-all-around JLT [84]. Gnudi et
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Chapter 7: A Sumi-analytival Surface Potential model for Shori-Chaneel DGILT

al. proposed an analytical model or threshold voltage variability due to random depant Huctuations in
Junctionless FETs [44]. Cerdeira et al. reported a1 charge hased continuous model for tong channel
DGILT [91]. They also demonstrated an empirical potential niodel for long channel DGJLT [85].
Variable separation technique was used for potential and drain current modeling of DGILT for short
channel-lengths which was valid in subthreshold region [95], Yesayan et al. propuosed an explicit drain
current model Tor long channel DGILT using charge based method [86]. Hu et al. proposed an
analytical model For cleeiric potential. threshold voltage and subthreshold swing of short-channel
Junctionless surounding-gate MOSFETs [87]. Woo ¢t al. proposed an analytical threshold voltage
mode] of junctionless DGILT with localized charges [88]. Li et al. proposed the subthreshald
hehaviour models for nunoscale short-channel junctinnless cylindrical surrounding-gate MOSFETS
[89]. Trevisoli et al. proposed a surface potential based drain current analytical model for short-
channel trigate junctionless nanowire transistors valid i subthreshold region [90]. There are few
potential models for shorter chunnel length double-gate junctionless transistors which are valid in
subthreshold region only. Tang e al. proposed o physics-based analytical moede] of electrostatic
potential for short-channel junctionless double-gate MOSFETs (JLDGMTs) operated in the
subthreshold regime only by solving 2D Poisson’s equation in channel region by o method of series
expansion sunilar to Green's function [98]. Jin et al. derived potential model by solving 2-D Poisson's
equation using “variable separation technique” for deep nanoscale short channel asymmetric
Junctionless Double-Gate (DG) MOSFETSs valid in the subthreshold region [99]. Holtij et al. reported
analytical 2D potential model within ultra-scaled  junctionless  double-gate MOSFETs (DG
MOSFETs} valid in the subthreshold regime using the Schwarz-Christoffel transformarion [103].
Accurate potential and deain current models, valid from depletion 1o accumulation regions of

operation, for shorter chunnel length double-gate junctionless transistor, are still rare in literature.

5.2 A Surface Potential based Drain Current model for Short-Channel
Junctionless Double-Gate MOSFETs (DGJLT)

In this work, petential and drain current models, covering all regions of operation, are targeted for a
shorter channel Tength double-gate junctionless transistor (DGILT). A two-part appreach, known as
the “vanable separation technique”™ is applied o derive the channel potential, in which the total
potential 15 divided into  long chanpel part and  shoit  channel pawt.  Such a
method gives quite accurate results in short channel regime, because, while deriving the short
channel part of potential, one can include a large set of eigenvalues ond details will be
presented in later section. Threshold voltuge and drain induced barrier lowering (DIBL) parameters

are ¢ atracted from the model. The polential model as well as the exwacted  parameters is then
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Figure 5,1; Cross-sectional view of symmetric n-channel double-gate junctionless transistor
(DGJILT) with channel direction.

compared to professional TCAD simulation results.

5.2.1 Model Derivation

The Poisson™ equation considering hoth fixed and wabile eharces in the silicon region can be written
£

as

A2Wixy) Py WNp [F{‘”(-‘--"H’ Wy _ ,] (5.1)
i d}'z i -

Where, Y (x. v} is the channel potential. £, is the permittivity of silicon. V is electron quasi-Fermi
potential, U=KT/q is the thermal voltage, Np s the channel doping concentration and q i$ the charge
of electron. Hole density is neglected s compared tw electron density. The coordinates, x and y are as
shown in Fig 5.1, Equation (5.1) has no direct analytical solution, One way 10 solve (5.1) is variable
sepuration technique, which states that the total potential can be divided into long channel pant (11)

and short channel part (21) 1e,

‘4"1',1'."&')=H’IL\'J+"FH{J._~.'1 (3.2)

Where, 4/, (y) is the potential which is related 10 only y direction (fong channel part) and ¥, (x. v) s
related to both x und v direction of the potential variation (short channel par) with below stated

boundary condilions,
Expression for ¥, (v):

W (y) is expressed as
I!I 'q-“ L Ifl"'l'll TPy
= =
dy” £ [\‘ }

i

with boundary conditions
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i =W, =&[1"’m =¥ — LF[L j]

dv| .o By }
T (2.4)

f'lei'

—| =0
ih

=i

Equation (5:4) has no closed Torm solution even though it looks simple. Integrating (5.4). we obtain

5, = 200y (55)
&

u

£ 3 ?'quJU'J [F[“"n L _E':H"s-“"-'w-'.- _[. .LP.\' _tll” ]
Ul’

Where. ‘P and ‘P are the potential wt the surface and centre of the channel respectively. Thus. once
the relation belween W und W is known, the potential at any point in the silicon body can be

determined. The Gauss’s Taw connects the surface potential with gate voltage as

)
g ==2¢, Q

=20, V=V =yl (3.6
v

4
o e

O, being the space charge density per unit arca, € =€, /T, is the oxide capacitance, Vg, is the

€T

tlat band voltage. Combining (3.5) and (5.6)

;] 2 A= {AF . e —§ ity =
(V, Vo =0,y =2 LeEls [e ot gt i -(q’TﬂH (5.7)

a) For depletion region (v, <V, <V, +V,, ) withV,, 0. the equation (3.7} after some mathematical

reformations can be writlen as [67]

N T ' e b
yro =V, =V, —& g ; Ly u.-mberm-[% o NNy ] (5.8)
*al T

Where, Lambertw is the Lambert W-function, which 15 the inverse of the function 2 = Wize™'"™, Vs .

the threshold voltage and (W, —'P_ ) is the difference ol centre and surface potential miven by,
Vi= V=g T, 12, ;

Cp =HC T H G, €,=8.0T, (5.9)
W, -, =gN, T [8e, '

The expression of V¢ in (5.9) is valid when chunnel length is higher, The Vo for shorter-channel

device 18 given later section.

b) For accumulation region (V, > V,, + V..)
The relation between centre and surface potential {‘l’ —W(=a, S'd].'}]' is given by |4%]

oz AW
l]’_\ _‘PU = _....._I:I.q‘l:;j L P iy -] {5 [E}}

"

Equation (5.10) can also be expressed as [91]
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Y. -Y%,=- M-&-U Leamberpw Mt'E‘ L E'_L:'_
i RC, 8C, U,

£l

(3.11)

MNow, using (5.7) and (5.11), the relaton between surfice powential with gate voltage can be obinined
as [63)

i ‘-?N .I'JT J

ST TR
-"<< :;N_j__+ Laithertw [ig-'—‘f‘-‘--gk' Hi g b F

BC.4/, |

For accumulation region (Vi >V, +V,, ), @ >0. Equation (5,12) can only be solved numerically,

3 +'N,T.E SC.U,
( ”r ‘1’,..}‘=.-.'r'.gufﬂ}(%’—]‘:p"‘" L 1P =l []+ ]
: (5.12)

The centre potential can be derived using equations (5.8) - (5. 12), also explained in [83].
Expression lor W (x, vt
Yo (xoyyis expressed as

W, () AWy

ML , = () {3.13)
dx dr
with the boundary conditions
Yo pl=V -4 v)
WL, y) =vm +V, =¥, (v)
= {:J"'-FH {T:J;"E,.T} ‘P [3_ ) (5.14)
" dy 2
r}‘_‘l'” ~t
d.\' y=E)

Equation (3.13) is u nuxed boundary value problem and it is already solved by muny groups [101]-
[ 102]. The final selation is

Zji =1 ey
‘l:',,f.n_vj:-.’.ﬂk_,r: s Ae T Ixcos(uy) (3.15)
Where,
2t
A =B [Vrjf+|" []_'* “ J:|—H;-"[".,.|,,..4-.
; (5.16)

Lanh Yy Aagk
A=B|V,|1—¢ " J--h,.\ L ' 5. e
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3 2o
JIFIIXEU.E(‘H—;][F-:' b ]
5 - 4xf}uﬂ_{£_,r,_,l'l . B= . : (5.17}
i iy " 1
24t Sin(24,)| Ve v W 2;.;n+smrz;;u1[1—e- % ]
\ /
P is the long channel surface polential. The eigen-value p, is the periadic n* root of this

FILuigh
equation and determined using the permittivity and thickness of both silicon and oxide. It can have
infinite possible values for g However, first 122 iteration(s) give quite good result.
£

24, tan{,un}z_rL”' (5.18)
£

(F) St 1)

Now, putting the expressions of W (viand ¥, (y,v) In eguation (3.2), the total potential in the

channel region of o shont channel DGILT can be determined.
Threshold voltage extraction

A schematic plan for caleulating the threshold voltage (Vi) is given in Fig. 5.2. The threshold voltage

is given by the following expression, and it is valid for longer as well as shorter channel length

devices [103]

Uy In(Np i)=Y G
b

V, =V, +AV,, (5.19)

muti(1] 40 _lprn|u|1-;-n,,|

LI_I

cand W

Y )

care the minimom potentials ot two gate-to-source voltages Vs and Vigg.

nini b

Cantl Vg n the subthreshold region. threshold voltage

el

Assuming a linear relationship between 'V

can be extracted usimg (13),

' ~

UgloNpin)) = — - ————— — = 7(

|
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Figure 5.2: Schematic plan for caleulating the threshold voltage. Here, V= Vg at Urln(Np/ng) = Wi

AV is the difference hetween two voliages in the subthreshold region,
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Drain induced barmer lowering (DIBL) % defined as the change in threshold voltage when drain
voltage chunges from 50 mV w 1V ie,

DIBL=V, (5.20)

Vyp=Sline ¥ i vr g =1

5.2.2 Discussion and Verification ol Maodel

To validate the model results, they are compared with electrical charactenstics for the devices
simulated using 2D ATLAS device simulator with version 5.19.20.R [48]. Lombardi mobility model
is employed. accounting for the dependence on the impurity concentrations s well as the transverse
and longitudinal eleetric Hield values. Shockley-Read-Hall (SR recombination model 15 included in
thit simulation to account for leakage corrents. Because of high channel doping concentration, Fermi-
Dirac carrier statistics without unpact ionization 18 utilized in the simulations. Band gap narrowing
model (BGN) 1s also ineorporated to take care of the band gup normowing effect which may arise due
to highly doped channel regions, Quantum effect s ot considered  here. Channel doping
concentration Ny of 3%10™ and 110" em™, cquivalent gate oxide thickness (EOQT) = 2 am, silicon
thickness (T,) = 0. |5 nm are considered for TCAD simulation. Channel width (W) 1s lpm. Tn
addition, p-type polysilicon is used having doping concentration 107 em™. The interface eharge

concentration (Nes) is considered as 5x10° cm™. A constant mobility (p) of 100 cm™/V.s is assumed.

b=
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Figure 5.3: Surface potential with respect to pate volage near the drain side for V=0 V, 50 mV, 0.5
Vand | V. L=1 um, Ty=15 nm, T,,=2 nm. Ni=5x1 0% ¢ and sourcefdrain extension length=5() am.

Flat band voltage (V) is considered s ~ 1.1 oV,
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Figure 5.4: Surface potential with respeet w gute vollage near the drain side for V=0 V, 5000V, 0.5
V and 1 V. L=30 nm. T.=15 nm, To=2 nm. Np=5%10" em™ and source/drain extension length=10

nm. Flat band volinge (V) is considerad as ~ 1.1 eV,

Tor channe! length of | wm, source/drain extension length (Ly/Ls) 1§ taken as 50 nm; and for channel
length of 30 nm-80 nm, Lg/Lp is taken as 10 nin w avoid parasitic resistance effect, Caleulations are
done on Mathematica compuiational soflware. Fig. 5.3 shows the surface potential with respect lo
aate voltage, for different values of V=0 V. 560 mV, 0.5 V and 1 V respectively tor channel length of
| pm. The simulation and model curves are in close agreement. Fig. 5.4 shows the surface potential
with respect 10 gate voltage, for dilTerent values of V=0 V. 50 mV, 0.5 V and | V respectively for

channel length of 30 nm. The marginal difference may be due to the inclusion of source and drain
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Figure 5.5: Surface potential along the ¢channel for (a) L=80 nm (long channel) & V=50 mV¥, 1V (b)
L=20 nm (short channel). T,=10 nm, To=2 nm, Ny=1x10" em™, V=0 V and sonrce/drain extension

length=10 nm. Flat band voltage (M) is considered as ~ 1] V.
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Figure 5.6: (a) Threshold voltage (V) at V=50 mV for L=20 min to 60 nm (h) drain induced burrier
jH?

lowering (DIBL) for L=20 nm to 60 im, T,=10 nm, Tu=2 nm, Np=1x10" em™.

extension resistances in TCAD characterishes: and the exclusion of fringing electric fields und
guantum effects in the model. Fig. 5.5 (a) and (b) shows the potential along the channel direction, 0.5
nm away from the Si-5i0, interface, at Ve = 50 mV and 1 V respeclively keeping V=0 V at gate
length of 80 nm and 30 nm. Beth the simulation and model plots are in close agreement. There is
marginal difference of potential towards the drain side between maodel and simulation. For example,
for L = 30 nm at VDS = 1 V this difference are 6.4 mV. Fig. 5.6 (1) and (b) shows the threshold
voltage and drain induced barrier lowering characteristics extracted from model and simulition, for
different gate lengths. The values obtained from medel and simulation are in close agreement. The
margingl difference of threshold voltage between model and TCATDY results for say, L=20 nm and
L=60 am are 0.013 and 0.003 V respectively. The diflerence of DIBL between model and TCAD

results are 9V andd 1 mV for L = 20 nm and L = 60 am respectively,

5.2.3 Drain Current Model
The mobile charge density O, can be written is
er.' = Q_\f' = Q,-f ':5,1 i}

Q, = gN,T,is the fixed charge density. The drain current can be expressed as (using (5.7))
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It is assumed that V=0 and V=V W is the width of the device and 'V, (long-channel part + short-

channel part) is the surface potential, Fig. 5.6 shows the drain current with respect to gate voltage for
différent values of Ny ie., 8210 con® and 110" en™ at a drain voltage of | V. Same ¢urment values

are plotied in both logarithmic (lelt) and linear scales (right). The model results (symbols) are in
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considered as ~ 1,1 eV. Lines show the TCAD simulations and symbaols shows model results,
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Fisure 5.8: Drain current with respect to gate voltage for T,=10 nmn, L=30 nm, T,,=2 nm Ny= 110"
cm™ and source/drain exlension length=10 nm at V=50 mV and | V. Lines show the TCAD

simulations and symbols show model resulls,
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Figure 5.9: Drain current with respect 1o gate voliage for L=80 nm. T=15 nm. T.,=2 nm, Np= 110"
em™ and source/drain extension length=10 nm at V=50 mV nnd | V. Lines show the TCAD

simulations and symbols show model results,
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Figure 5.10: Drain current with respect to drain voltage for Np=5%10" e and 1%10'? enr™. L=30
am, T,=15 nm, Tu=2 nm, Vgs=1 V and source/drain extension length=10 nin, Flat band voltage (Vi)

is considered as - 1.1 ¢V. Lines show the TCAD simulations and symbels shows model results.

close agreement with TCAD simulation (lines) in all regions of device operation, i.e.. subthreshold to

accumulation region. The subthreshold slope obtained from model is almast equal o TCAD results.
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As expected, current saturates o higher gate vollage. Also. saturation current invreases with increase
in channel doping concentration as usual, The current in the sccumulation region is obtaned
pumerically, The subthreshold slope extracted from model and TCAD are in close agreement for long
as well as short channel DGILT, For example, for a DGILT with L=30am; T =10 nm. T,(=2 nn and
Ny=1x10" cm™, the subthreshold slope is 63 mVidee as extracted from TCAD, which is almost
similar to the value extracted from model. Fig. 5.8 shows the transfer characteristic for Tsi=10 nm,
L=300m, T,,=2 nin and N=1x10"" em™ at gate voltages Vs of 30 mV and | V. Both TCAD (solid
line) and model results (symbols) are in close agreement. Fig. 59 shows the drain corrent with respect
to sate voltage for L=80 nm, T,=15 nm, To=2 nm, Np= 1x10" em™ at Vps=1 V. Lines show the
TCAD simulations and symbols shows model results. TCAD (solid line) and meelel results (symhols)
are in pood agreement, Fig. 5,10 presents the drain current with respect o drain voliage Tor diflerent
values of Ny ie., 8x10® cm™ and 1x10"™ em™ at a gate voltage of 1 V. The models (symbols) are in
close accord with TCAD simulation (lines). The transconductance with respect to gate voltage for
L=30 nm. T,=15 nam. T,=2 nm. N=1x10" em il Vie=l Vois shown in Figo 5.11. TCAD
simulations (symbols) and model results (lines) are not in close match ar higher gate voltages. Fiz.
3.12 shows the output conductance with respect o drain voltage for L=30 nm, To=15 nm, Ty=2 nm,

Np=1x10" emi™ at Vge=1 V. Both TCAD and miodel results are n close agreement.
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Figure 5.11: Transconducrance with respect 1o gate voltage for L=30 nm, T.=15 nm, T.=2 nm,
Np=Ix10"? em™ at Vpe=! V and source/drain extension length=10 nm, Lines show the TCAD

simulations and symbols shows model resulls,
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Figurz 5.12: Drain current and output conduclance with respect to drain voltage for L=30 nm. Ty=13
am. T,.=2 nm, Ny=1x10"" em™ at Veg=1 V and sourcesdrain extension length=10 nm. Lines show the

TCAD simulations and symbols shows model results.

5.3 Summary

A semi-analytical model is proposed to caleulate the channel surface potential as well as drain current
for shorter channel length symmetric double-gate junctionless transisior with potential two parts
approach. Carrier mobility is assumed constant, Quantum effects are not considered. The model is
valid in depletion to accumulation region of operation. Thresheld valiage and drain induced barrier
lowering parameters were extracted from model Assessment of the model with TCAD simulations
confirms its legitimacy. Consideration of short-channel and quantum effects in the medel is another

scope for [uture research.
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Chapter 6

Conclusions and Future Scope of the Work

9.1 Conclusion

Low power and high performance devices are in demand Tor today’s microelectranics market,
Recently. junctionless transistor has proven itself as a very promising device in this arena. The first
part of the work discusses about the analog and digiml) performances; process and temperature effects
ol a double-gate junctionless transistor. In the second part, elfects of well bias are utilized to improve
the hot carrier effect of a bulk planer junctionless transistor, In the fast part an analytical channel

potential moded for shorter-channel double gate junstionless transistor (DGILT) is developed.
It is observed that

* Double-gate JLT show better device performance charaeteristics in terms of SCEs, G/l and
mirinsic gain compared o its similar dimension IM counterpart and later deviee outperforms
in terms of speed.

*  DGILT clectrical parameters are more immune 1o channel length variations. However, (here
is a notable threshold volinge change of the device with silicon thickness compared to a IB
device.

* Unlike 1B MOSFET, overall performance of a DGILT is not degraded much by increase in
temperature and use of high-K gate diclectrics, -

¢ The effects of well bins are utilized to improve the hot carrier effect of a bulk planer
Junctionless transistor. Though positive well bias helps in improving hot carrier effect, Vo
tevreases and 58, DIBL increases with forward Wy for different values of L, Tsi, Tox with
almost similar trend. Well doping concentration helps in improving the OFF-state current of
the device at the cost of slight ON-stute current degradation which however increases Tos/Toe
ratio. There is more Vy decrease with an increase in well bias for higher temperature, Well

bias thus can be used to set the threshold voltage at any desired value,
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Chapter 9: Conclusion and future scope of the work

9.2 Future Scope of the Work

The findings presented m this work are mostly based on the simulition results inchuding appropriate
models, This helped us to arrive at a qualitative unclerstanding of the device eperation. More rigorous
information can be pbtained by full quantum simulations using either non-equilibrium green’s
tunction (NEGF) approach or Wigner-funcrion approach. There is Iot of scope for compact modelling
for circuit sinulation of shorter channel length JLT which includes all short channel effects like hot
carrier effect, velocity saturation effect. drain induced barrier lowering effect ete and process induced
varinion parameters; Desisning circuits ingluding process induced variation parameters for low
power applications is a fine scope of work. Also, implementaton of the working models in spice
simulator for circuit simulation is another scope for extending the work. Studying the reliability issues
in DGJLT and developing compact models with reliability issues in the model is excellent scope of

research.
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variations In junctionless transistors for improved reliability




UTILISATION CERTIFICAT

Certified that out of Rs NIL of Non-Recurring grants-in-aid sanctioned during the year
70152017 in favour of Dr. Ratul Kumar Baruah under SERB letter/ order No

— dated e and Rs 11 905/- on account of unspent balanee of the
previous year, 8 sum of Hs _NIL has been utilised for the purpose for which it was sanctioned
and that the bulance of Rs 11,905/ remaining unutilised at the end of the year has been

refunded to SERB (vide Cheque/DD no 04 S20L  daed4d0:0% (P
v

Certified that we have satisfied ourselves that the conditions on which the grants-in-aid was sanctioned
have been fulfilled/ are being fulfilled and that we have exercised the following checks to see that the
money was actually utilised for the purpose for which it was sanctioned,

Kinds of chacks exarcised:

Z

S 5 *’" e @/

TS
Signature of Pl Signature of Ragis‘srsrmccnul?f ?nca?'}— Signature of Head of Institution
Al Date Dﬁ&_
2 4[>~ Finance Offieer Registrar
ez pur University Tezpur Iniversity

Guidelines for preparation o

I. U.C should be only for the grants released by the SERB. Please (o not secount for Sccurity
deposits/other matching grants/account opening charges and miscellancous items.

. SERB Sanction No. and Dt should be accurately shown in the U.C.

. Even if the grant is unutilized in the financial year in which the grant was released by SERB a NIL
U.C neads to be forwardad to SERB along with a request for carrying forwarnd the grant 1o the next
finenclal vear. Such grunts which are carried forward piust be shown in the subsequent U.C s carried
forward grant and not amount received in the subsequent year (ref §1 No.3 on pre-page).

Cad et

Science amd Fopincering esearch Board

UC eccepted has been accepted by

Signature

Name af the SERD Officer

Designation_




U.C partains to Fiest Second Third Fourth Final
v anpioptiale box vRelease Release | Release Release |  Release
1 ¥YES /NG

UC for Recurring Grants

UTILISATION CERTIFICATE

FOR THE FINANGIAL YEAR - (ENDING 31st MARCH)(year)_2014 (21/03/13-31/03/14)

(To be given separately for each financiel year eading on 317 March)

s the UC provisional

1.

2
-

Ga,

6.b

9,

1.

il

Tifle of the Pm‘/jgcﬂ Scheme
Mame of Principal Investigator
Implementing [nstitution

SERB sanction order No & date

Amaotnt brought forward from the previous
[nuncial year quoting SERB [etter number
and date in which the amhority o carry
forward the said amuaunt was given

Amount received during the financial year
(Please give SERB letter/order no
and date for the amount )

Interest eamed, if any

Total amount that was available for
expenditure R, (excluding commitments)
during the financial year

{Sr. No. 5+6a+6b)

Actual Expenditure (excluding commitmenrs)
incurred during the financial year
(upra 31st March)

Balance amount available at the end of

the finzncial year (8-9).010 / Negative balance
(IF expanditure incurred is more than the funds released)

Unspent balance, if any, refunded 1o SERB
(give detpils of cheque DN No ete!)

Amount to be carried forward to
the next financial year (if any)

: Dr. Ratul Kumar Baruah

: Tezpur University

: To study the impact and compensation of process-induced
variations in junctionless transistors for improved rellability

: 5B/FTP/ETA-268/2012 dated 03/09/2013

v Amount NIL
¢ Letter/Order No

Date

: Amount  Rs1,26,000/-
Letter/Order Mo SB/FTP/ETA-268/2012

v Dare 03/09/2013
NIL

Rs1,26,000/-

Rs 63,208/-
. RsB2,792/-

cAmount  N/A
:Cheque/DD Ko,
‘Date

! Rs62,792/-

/f
Finance Officer
Tezpur University

R T

=32




SB/FTP/ETA-268/2012dated _03/09/2013 and Rs _NIL

UTILISATION CERTIEICATE

Certified that out of Rs_1,26,000/- of Reeurring gramts-in-aid sanctioned during the year
2013-2014 in favour of _Dr. Ratul Kumar Baruah under SERB letter/ order No
on sccount of unspent balance of the
previous year, a sum of Rs _ 63,208/~ ___ has been wtilised for the purpose for which it was sanctioned
and that the halance of Rs 62,792/ remaining unutilised ut the end of the year has been
refunded to SERB (vide Cheque/DD no — dated _— ) OR will be adjusted towards
the Recurring grants-in-aid payable during the next year ie. _ 2015 . Carry overto next
Financlal year.

Cerified that we have satisfied ourselves that the conditions on which the granis-in-aid was sanctioned
have been fulfilled! are being fulfilled and that we have exercised the following checks to see that the
money was actually utilised for the purpose for which it was sanctioned.

Kinds of checks exercisad:
1

2, r-/\

!/

|F:| f ! !"’\'
b S Lo >
Ay
Signalure of Rl Signatura ol Registrar!ﬂ.r.cuir‘n_roﬁfr;ar' Signature of Head of Institution
ate Diate Date
*:,Jr?:ah;\- Finance Officer Registrar
ezputr University Te=pur University

Cuidelines for preparation of U.C

I. U.C should be only for the grants released by the SERB. Please do not account for Sccurity

deposits/other matching grants/account opening charges and miscellaneous ltems.

. SERB Sanction No. and Dt should be accurately shown in the U.C.

3. Even if the grant is unutilized in the financial year in which the grant was released by SERB a NIL
U.C needs to be forwarded to SERB along with a request for carrying forward the grant to the next
finnacial yeor, Such grants which are carried forward must be shown in the subsequent U.C as carried
forward grant and not amount recéived in the subsequent year {ref 31 No.5 on pre-page).

[ ]

Sgienee and Engineering Researcl Board

LIC accepted has been accepted by

Signature

Mame of the SERB Qfficer

Designation




UC for Recwrring Grants

TILISATION CERTIFICATE
FOR THE FINANCIAL YEAR - (ENDING 31st MARCH)(year)__ 2015(01/04/14-31/03/2015)
(To be given separatsly for each financlal yesr snaing on 31° March)

U.C pertains to -~ First Second -I Third Fourth l Final
v appropriate box Release Relegse Release Release Release
is the U'C pravisional v YES I ND

. To study the impact and compensation of process-induced

1. Titleol'the P:'D_E;I.—" Scheme
variations in junctionless transistors for Improved reliability

2. Mame of Principal Investigator : Dr. Ratul Kumar Baruah

3. Implementing Institution : Tezpur University

4. SERB sanction order No & date : 5B/FTP/ETA-268/2012 dated 03/09,/2013

5. Amotnt brought forward from the previous 1 Amount  Rs B2,792/- |
financial year quoting SERB letter number ¢ Letter/Order Mo '
and date in which the authority to carry : Date

forward the said amount was given

6a. Amount received during the financial year 1 Amount NIL
{Mease pive SERB letterforder no 1 Letter/Oreler No
and date for the amount ) : Date
6.b Interest earned, if any ¢ NIL i
i
7. Total amount thut was available for ¢ Rs 62,792/-
expenditure fr. (excluding commitments)
during the financial year i

(5r. No. 5+6a+6h)

8. Actual Expenditure (excluding commitments) : Rs 14,108/-
incurced during the financial vear
{upto 3 Ist March)

T3

e L A e e sy

9. PBalance amount available at the end of : Rs 48 685/-
the financial year (8-9):0R / Negative balance .
(1f expenditure [neurred is more than the Tinds relensed)
10. Unspenl balance, il any, refunded to SERB :Amount NIL .-
(give details of cheque/DD Mo ete.) ‘Chegue/DD Ne. '
Date
11, Amount to be carried forward to ! Rs 48,686/-

the next financial year (if any)

( )

N

¥ S rovveaneo
Finance Officer
Tazpur University



UTILISATION CERTIFICATE

Certified that out of Rs__ NiL of Recurring prants-in-aid sanctioned during the year
2014-2015__ in favour of __Dr Ratul Kumar Baruah _ under SERB letter/ order No

— dated and Rs __ 62,792/ on account of unspent balance of the
previous year, a sum of Rs 14,106/-  has been utilised for the purpose for which it was sanclioned
gni that the balance of Rs 4B,686/- remaining unutilised at the end of the year has been
refunded to SERB (vide Cheque/DD no ot dated = ) OR will be adjusted towards
the Recurring grants-in-a:d pavable during the next yearie. 246 . Carry ?err/;g next
Financial y=ar, .

Certified that we héve satisfied ourselves that the conditions on which the granis-in-aid was sanctioned
have been fulfilled/ are baing fulfilled and that we have exercised the following checks to see that the
money was actually utilised for the purpose for which it was sanctioned.

Kinds of chacks exercised:
2
L4
% AN , ()77//’

i o

Slgnatura cof Pl Signature of Registrar/Account oficar Signature of Head of Inshtution

ulp Cate Diute
9 .’i.-r"/‘ 1 Finance Ojficer Registrar
Tezpur University Te=pur University

Guidelines for preparation of U.C

| U.C should be only for the grants released by the SERB. Please do not account for Security
deposits/other matching grants/account opening chasges and miscellanzous items.

. SERB Sarction No. and Dt should be accurately shown in the LLC.

Even if the grant Is unutilized in the financial year in which the grant was released by SERB a NIL

11.C needs to be forwserded to SERB alerig with & réquest for carrying forward the grant 1o 1he next

financisl year, Such grants which are carried forward must be shown in the subsequent U.C as carried

forward prant and not amount received in the subsequent vear (ref 81 No.5 on pre-page).

el

Seienee and Enginevring Research Bonrd

UIC aceepted has been accepled by

Signature

Mame af the SEREB Qfficer

Designation

.r

sif il



UC for Recurring Grants

UTILISATION CERTIFICATE

EOR THE FINANCIAL YEAR - (ENDING 3131 MARCH)(year)_2016(01/04/2015-31/03/2016)

(To ke given separately for each financial year ending on 31% March)

LI C partains to ~First Second Third Fourth Final
v approptiale box _ Release Release Relcase Release Release
i the UC provisional : YES / NO
1. Title of the Project! Scheme : To study the impact and compensation of process-induced
f variations in junctionless transistors for improved reliability
2. Name of Principal Investigator : Dr. Ratul Kumar Baruah
3. Implementing Institution : Tezpur University
4. SERB sanction arder No & date  SB/FTR/ETA-268/2012 dated 03/09/2013
3. Amount brought forward from the previous v Ameount Rs 48,686/-
financial year quoting SERB letter number ¢ Leter/Order No
ared date in which the authority to carey : Date

forward the said amount was given

fa, Amount received during the financial vear : Amount  Rs, 2,00,000/-
(Please give SERB lettarforder no : Letter/Order Ne SERB/F/4286/2015-2016
and date for the amount ) : Daie 21/08/2015

6.1 Interest earned, if any i NIL

7. Total amountthat-was available for :Rs 2,48 GEA/-

expenditure fr (excluding commitmeants)
during the financial year
(Sr. No. 5+6a+6h)

8. Actual Expenditure (excluding commitments) +Rs1,70,032/-
incurred during the finansial yvear
{upto 3 1st March)

9.  Balance amount available at the end of : Rs 78,654/-

the financial year (8-93:0R / Negative balance
{If expenditure incurred is nore thin the funds released)

|2, Unspent balance, il any, refunded to SERB : Amount MN/A
(give details of cheque/DD No ete.) :Cheque/DD No.
Date
11. Amount to be carried forward to : Rs 78,654/

the next finaneial year (i€ any)

..__

%(@

merce czr
Tezpur Uaiversity




UTILISATION CERTIFICATE

Certified that out of Rs__ 2,00,000/- of Recurring grants-in-aid sanctioned during the year
2015-2016 _ in favour of __ Dr Ratul Kumar Baruah under SERB letter/ order No
SERB/F/4286/15-16dated 21/09/2015  and Rs _48.686/- on accoumt of unspent balance of the =
previous year, a sum of Rs 1.70.032/- has been utilised for the purpose for which it was sanctioned
and that the balance of Ks 78.654/- remaining unutilised al the end of the year has been
refunded to SERB (vide Cheque/DD no — dated — ) OR wil| be adjusted towards
the Recurring gramts-in-aid payable during thenext vearie. 281 . Carry overto next
Financial year. Q Y |62 f-'1.15‘,>

Certified that we have satisfied ourselves that the conditions on which the grants-in-aid was sanctioned
have been fulfilled! are being fulfilled and that we have exercised the following ¢hecks 10 see that the
money was actually utilised for the purpose for which it was sanctioned,

iinds of checks exercised:
1

2. (‘ ™
|
A F
3 ( Y
LYt ~y—y
sl St T T
Signature of Pl Signature of Registrar/A s Lnljﬁce} Signature of Head of Institution
Date Duite Date
24| ¥]B- Finance Officer Registrar
ar University Tezpur Usniversity

Guidelines for preparation of L.C

I, U.C should be anly for the grants released by the SERB. Please do_not account for Secunty

deposits/other matching grants/account opening chacges und miscellaneous items.

SERB Sanction No. and Dt should be accurately shown in the U.C.

. Bven if the gram is unutilized in the financial year in which the grant was released by SERB a NIL
11.C neads to be forwarded to SERB along with a request for carrying forward the grant to the next
{inancial year. Such grants which are carried forward must be shown in the subsequent U,C as carried
farward grant and not amount received in the subssquent vear (rel SI No.5 on pre-page). J

rJd

Lad

Seience and Engineering Research Boonrd

UC sceepted has been accepted by

Signature

Npme ol the SERB Officer

Desigaation = m A




UC for Recurring Grants

UTILISATION CERTIFICA
FOR THE FINANCIAL YEAR - (ENDING 31sr MARCH)(year) Zﬂl?tﬁlfm;fzum-uzfueﬂﬂlﬁ)
(7o be given separately for each financial year ending on 31° March)

U.C pertains to _ First econd 1 Third Fourth ' Final |
v’ appropriate box ~ Release Release Release Release Release |
Is the U provisional : YES / NO

I, Title of the Prsj_ectf Scheme

2. Name ef Principal Investigator
3. Implementing Institution

4. SERB sanction ardee No & date

§. Amount brought forward from the previous
financial year quoting SERB letter pumber
and date in which the authority to carry
forward the said amount was given

6a. Amount received during the financial year
(Please give SERB letter/order no
and date for the amount )

6.b Interest earnad, if any

7. Total amount that was available for
expenditure Rs. (excluding commitments)
during the financial year
(Sr. Mo, 5+6a+6h)

8. Actual Expenditure (excluding commitments)
incurced during the financial year
(upto 31st March)

9. Balance amount available at the end of
the financial year (8-9):0R / Negative balance
{(If expenditure incurred is more than the funds relensed)

10. Unspent balanee, if any, refunded to SERB
(give details of cheque/DD No ete.)

Il Amount to be carried forward to
the next financia! year (if any)

r To study the impact and compensation of pracess-induced

variations in junctionless transistors for improved reliability
< Dr. Ratul Kumar Baruah

: Tezpur University

! SB/FTPFETAS268-2012 dated 03/03/2013

v Ameunt  Rs78,654/-
i Letter/Order Na
. Date

1 Amownt MNIL
: Letter/Order No
: Date

: NIL

tRs 78,654/

' Rs 57,612/-

: Rs 21,042/ j

-

: Amount N/A
:Cheque/DD No. i
Date |

+ NIL
I( 3
0} (ﬂ‘v”w:r"rj)

Finance Officer
Tezpur University




-

UTILISATION CERTIFICATE

Certified that out of Rs__NIL of Recurring grants-in-aid sanctioned during the year
2016-2017 in favour of _Dr. Ratul Kumar Baruah under SERB letter/ order No
| — dated and Rs _ 78,654/- on account of unspent balance of the
previous year, a sum of Rs 57,612/ has been utilised for the purpose for which it was sanctioned
and that the balance of Rs 21,042/- remaining unutilised at the end of the year has been

refunded to SERB (vide Cheque/DDno_ 04 @ 06  datedL0:0317) OR will be adjusted towards
the Recurring grants-in-aid payable during the next year i.¢, _NIL "

Certified that we have satisfied ourselves that the conditions on which the grants-in-aid was sanctioned
have besn fulfilled/ ate being fulfilled and that we have exercised the following chetks 10 see that 1h
money was actually utilised for the purpose for which it was sanetioned.

Kinds of checks axercised.
1

# 1'

0
b PR

bR o
© Signaiura of Pl Signalurs af ReglstrsrAccol 'LQJ‘ricar Signature of Hoad of instilulion
e Date v Date
q"""lﬂ v Finance Officer Registrar
Tezpur University Tozpur University

Guidelines for preparation of 1.0

1. U.C should be onlv for the grants relensed by the SERB. Please do not aceount for Security
deposits/other matching grants/account opening charges and miscellancous items.

SERR Sanction No. and Dt should be accurately shown in the UL.C.

Even il the grunt is unutilized in the financial year in which the grant was released by SERB a NIL
U.C needs to be forwarded to SERB ulong with a request for carrying forward the grant to the next
financial year, Such grants which are carried forward must be shown in the subsequent U.C as carried
forward prant and not amount received in the subsequent year {ref S| No.5 on pre-page).

fad T

Science nuel Envineering [Research Baard

UC accepted has been accepted by
Signature S

Name of the SERB Olficer

i =,

Designation




