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ABSTRACT

CMOS compatible ion implanted vertical MOSFET haib recently demonstrated as a
viable route for improving RF performance of matu@MOS technology. Unlike planar
MOSFETS, in this type of devices heavily doped &gttly doped drain is provided by
single implantation and anneal. For this reasoredéimg on anneal time the depth of LDD
and doping is determined which could have unavd@affects on vertical MOSFET's
electrical characteristics. In this thesis | inigate effect of LDD doping on the CMOS
compatible vertical MOSFETs structure. Electricdla@cteristics of 100nm vertical
MOSFET is investigated for different values of LI2Dd body doping values. It is found that
with the increase of LDD doping drive current oftial MOSFET increases whereas sub-
threshold performance is degraded. The degradatisab-threshold performance is found to
be more prominent at low body doping values. Initeatdto this threshold voltage of vertical
MOSFETs are found to decrease with the increasé D doping. These effects are
explained by the reduction of the effective chanaebths and decrease in the source/ drain
series resistances with the increase of LDD dopaiges. These results are very significant
for choosing appropriate body doping and LDD dopmtues for fabricating 100nm CMOS
compatible vertical MOSFETS.
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CHAPTER 1

INRODUCTION

1.1 Motivation

In modern CMOS technology the MOSFETs has beerdadwn in size. Small MOSFETSs
are desirable for several reasons. The main reafsmaking transistors small is to pack more
devices in a smaller chip area. This results ihip with more functionality in same area. It is

expected that smaller transistors will providesdiaeperation.

Scaling of the MOSFETSs require all devices dimemgim be reduced proportionally. The
main devices dimensions are channel length, chamdéh and oxide thickness. Due to scale
down of the MOSFETSs size when the channel lengtMGISFETSs is below than 100nm

some operational problems occur which is knownhastchannel effect (SCE) including hot
carrier effects, drain induce barrier lowering etféDIBL), punch-through effect, velocity

saturation effect etc. Moreover, the fabricatiostaaf conventional planar MOSFETS below
100nm channel lengths is extremely expensive dwexpensive lithography requirement to

define the channel region.

Many types of alternative architectures are ingaséid to eliminate the short channel effect
and to reduce the MOS fabrication cost in converatisilicon based technology. Such as,

* FINFET,

e Planner double gate MOSFETs and

* Vertical MOSFETS etc.

Among these different device structures investiatertical MOSFETs are potentially
attractive due to following reasons.
1. Easier realization of surround gate structures.
2. Flexibility of designing short channel devices gsirelaxed lithography
node.
3. Decoupling of the gate length from the packing dgns
4. Less silicon area requirement to fabricate a va@rtidOSFET.

When, MOSFETSs is scaled beyond 100nm, lightly dogheain (LDD) is used to reduce hot

carrier effect. This LDD is given in planner MOSFIBY double implantation and spacer

Department of Electrical and Electronic Engineerigst West University 12
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technology. At first a low energy implant is useal dreate LDD (i) region and then

source/drain is formed by a heavy dose 6j {(mplant, while protecting the LDD region by
spacers. In contrast in vertical MOSFETs, LDD ig poovided elaborately by double
implantation due to its specific architecture. HatBD is provided by annealing time with
one implant. For this reason depending on annediing the depth of LDD and doping is
determined. The LDD doping could have unavoidalffieces on vertical MOSFETSs devices
performance which has not been exclusively studied.

1.2 Thesis Objective

In this thesis work | study the effect of LDD inrtieal MOSFETs architecture. Device

performance of a 100nm ion implanted vertical MO$§&Bas been studied at various LDD
and body doping to see the effect of LDD on différdevice parameters like, drive current,
sub-threshold slope, DIBL and threshold voltage €tds study would provide insight into

choosing appropriate body and LDD doping for vaitldOSFETSs fabrication.

1.3 Organization

This thesis report is segmented into seven diftecaapters. The first chapter describes the
introduction of this thesis includes the motivatiajective and organization. This chapter
discussed about the road map of modern CMOS teabyolt also describes about the LDD

forming process at the conventional planar MOSFETS.

The second chapter introduced with the various tyfpeertical MOSFETSs structure so far
available in the literature.

Chapter three discusses about the basic theohedlOSFETSs devices.

In chapter four, the simulation methodology is dibsd elaborately. Here, | discuss the basic
simulation technique of device simulation softwAfE_AS-SILVACO. It also recognizes the
process of MOSFETs modeling at ATLAS software ahd appropriate grid structure.
Finally, it introduces with different method and debwhich are important for simulating any

semiconductor devices.
Chapter five presents the results of the simulanatetail.

Finally, in chapter six and seven | describe thecdption and conclusion about my thesis.

Department of Electrical and Electronic Engineerigst West University 13
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CHAPTER 2

LITERATURE REVIEW

There have been several approaches investicfor designing and fabricatioof vertical
MOSFETs. These approaches are separated as tlifeerdi types of vertical MOSFET
such as,

Type 1 Vertical MOSFE’s based on epitaxy.

Type 2 Vertical replacement gate MOSFs.

Type 3 Vertical MOSFE’s based on ion implantation.

A MOSFETstransistor of type 1, vertical MOSFIs based on epitaxy 4] is manufactured
by accurately growig epitaxial layers for the heavily dopec’) drainanc source and p type
channel illustrated in figure 2.1For good control of channel length accurate epites
needed. That can be achieving by using controlbed pressure chemical vapor deposit
(LPCVD), to grow single crysl material on substrate. Aftegpitaxy process a vertic
MOSFETSs transistor isnanufactured by a pillar etclgate oxide groth and finally a
polysilicon gate is deposited and patterned. Thenrdesadvantage of this techniqgts the
integration of epitaxial layer into a standard CM@@®cess. In additi¢, as both source and
drain extend across the full width of the pi, this configurationgives very high parasiti
bipolar transistor action. Anotherajor disadvantage is the sourdeain overlap capacitan:
as polisilicon gate passes over the pillar top @ottom respectively for lithograph

alignment tolerance and gate track to cor

gate electrode
floating body n' source

gate oxide

Figure 2.1: Vertical MOSFET based on epitaxy.
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A variant of epitaxy approach has also been deeel which uses selective epitaxy-10] as
illustrated in figure 2.2. In this approach, and#/ polysilicon/oxide stock is created befc
the epitaxy. Then drench is created by dry etches and gate oxiderasyig By using
selective epitaxy the heavily dopec®), drain, source and fype channel is created. Tt
selective epitaxy removes overlap capacitance hbgih Iparasitic bipolar gain remai
problem. Maeover, other problems are creation of the higHityugate oxide on polysilicol

and the controlling facets during selective capye

Si0,

Figure 2.2: Vertical MOSFET based on selective epitaxy withueet oerlap capacitance.

The type 2 vertical MOSFETSs is shown the figure A& is the vertical replacement g
MOSFETs (VRG). The VRG MOSFETs [-14] can be made with competitive paras
capacitances and packing density as compare tapMOSFETSs. Hel, the layer depositio
method is used to create a channel length whicmetkfby the layer thickness. The g
length is precisely defined by a blanket film dapos. At first, arsenic iol is implanted into
silicon wafer to form heavily dopedn®) drain regions. Themmulti-layer stack of
phosphosilicate glass (PSQitride/ undoped oxide/ nitridd?SG is deposited on the dr:
layer. After the multilayer stack is depositedeatangular vertical trench is etched throi
the entire stack. Then boralwped crystalline silicon is grown bgkective epitaxy to form-
type singleerystal device channel. The silicon channel is piemed using chemici
mechanical polishing (CMP). After this 1 process is followed by formii source region by
arsenic ion im@ntation, forming sour-drain extension (SDEs) by solid source diffus
(SSD), depositingnd etching nitride spacer aremoving sacrificial gate layer. Finally ge

oxide is grown, gate deposition and patterningoised

Department of Electrical and Electroningineering, East West University 15
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_ polySi

" source

polygatc
" phosphosilicatc

glass

™ drain

Figure 2.3: Vertical replacement gate MOSFET.

In this type of vertical MOSFETS, the overlap cafzaes re much lower than the devic
vertical MOSFETsbased on epitaxy as it is determined by trickness of the insulato
between the PSG layers and the gate layer of #ngcel Because of source and di
extension across the entire width of the pillae fharasitic bipolar transistor is founc
problem. A mrtial solution is propos: by using ashallow polysilicon source pad

manuacture a leaky body contact [|. Main disadvantage of this architecture is thas ihot

at all CMOS compatible due to the use of epit

Finally, the third type of vertical MOSFETs is thertical MOSFITs based on ion-
implantation [16-24s illustrated in figur 2.4. The source and drain regions of this typ¢
MOSFETSs is formed by iemmplantation. The silicon pillar height and the et energy
determine the channel length of this type of MOSEl

gate electrode

gate oxide

Figure 2.4: Vertical MOSFET based on ion implantati

Department of Electrical and Electroningineering, East West University 16
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In this type of MOS device it is possible to givenarrow shape pillar with the gate
surrounding the entire pillar and the channel imygletely lithography independent. In this
type of device the parasitic bipolar gain is lowsan the device, vertical MOSFETs base on
epitaxy. The main reason of that is the drain n@egretrates across the width of the pillar.
Another major advantage of this type device is CMs@81patibility while parasitic source/
drain overlap capacitance has been eliminated ig t{fpe of vertical MOSFETs devices
using FILOX process [25] which made this type ofiides most promising for industrial
application. Extensive investigations have beenedam this type of vertical MOSFETS [26,
27, 28] and recently this type of vertical MOSFEAstbeen demonstrated as viable route for
improving RF performance of matured CMOS techn@edi26]. Due to potential CMOS
compatibility and industrial application in this vkol study effect of LDD on ion-implanted
vertical MOSFETSs architecture.

Department of Electrical and Electronic Engineerigst West University 17
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CHAPTER 3

THEORY OF MOSFETSs

In this chapter have discussed the fundamental theof MOS devces. For a uniforml
doped ptype semiconductor substrate the following consitiens are mad

3.1 Two-terminal MOS Structure

A two-terminal metal oxide semiconductor (MOS) structatep known as a MOS capacit
consists of three layers namely a seonductor layer, an embedded insulator layer a

conducting layer. Figure 3.1 shows the energy liiagram of an ideal tw-terminal MOS

structure.
vacuum level
[ ) ¥
qx.
E,
aé.. Iﬁaﬂ- abs
E,
EF - 3 E‘f
E\'
metal p-type subsirate

Figure 3.1: Band diagram of an idealized t-terminal MOSstructure in flat band conditic

In an idealized MOSFETSs structure the flat bandag® Vrg defined as the energy ba
difference between the metal work functi¢p,, and the silicon work functiody is zero so
that,

E
qQVrg = qPms = qPm — qds = qdm — (q et + qd>f) =0 (3.1)
Where, ¢ is the work function differenceq is the elementary chargy, is the electron
affinity, E; the band gap between the conduction and valenat E, the energy leu of the

valence bandE. the energy level of the conduction baips is named the Fermi potent
and is the difference between the Fermi I¢E; and the intrinsic energy levE; divided by
the electron charge g. The Fermi potential o-type substrate can be calculated using

substrate doping concentratiN, and the intrinsic carrier concentratiopas,

Department of Electrical and Electroningineering, East West University 18
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kT

dr=<1n (N—A) (3.2)

q nj

Where, k is te Boltzmann constant and T the temperature in Ke

Applying a voltage to the semiconductor changestiegge in the substrate. Three mode
operation can be differentiated between namely raotations, depletion and inversion,
shown in figure 3.2In the case of a-type substrate and a voltage ¥ OV applied to the
gate contact, whilst the substrate is connectedréonind, free charge carriers (holes)
accumulated under the insulation layer (oxide).cSifree holes are moving towards
silicon surface layer, the surface charge is of theedgpe as in the substrate, but of hig
concentration. This layer is called accumulatioyeta(figure 3.2(a)). The applied volta
causes a voltage drop over oxide as well as bending the energy mimdthe substral At
the oxide/semiconductor interface the surface potery  can be found. Vg > 0V, free
positive charge carriers are pushed away from thtase layer and thereby a deplet
region of the widthxyis formed. This prcess is termed depletion (figui3.2(b)). In
figure 3.2(c) a large voltage is plied to the gate. The surface layer inverts frc-type to
n-type as nearly all free holes are pushed away ft@rsurface layer and at the same t
free electrons accumulate underneath the oxidesod® as the intrinsic le\E; increases
beyond the Fermi levédl; to obtain a negative charged surface layer, thiaseitis in weal
inversion modey_ = ¢r ). At the onset of strong inversion the surfaceepbal barrieny is

defined by v = 2|¢¢| as shown in figure 3.

E.
b l
...................... — A
'y
E,
E = 3
T
qv_ =0

priypee subsiraie

by

Figure 3.2: Onedimensional MOS structure (a) accumulatiy < 0) (b) depletion
(0 <y, < ¢p) (c) Onset of weak inversiony( = ¢y).
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Figure 3.3: Energy band diagram showing the onset of strongrgion vy = 2¢y ).

The gate voltage to bring the surfacyer into strong inversion is termed the threst
voltage M. In order to calculate the threshold voltage, filn&t depletion widttkxy of a doped
semiconductor needs to be calculated. This carchevaed by solving the o-dimensional
Poisson’s equatih which relates the electric field E(x) to the igeadensityp(x) as follows,

M=Lx)for0<x<xd (3.3)

dx €s;€0
Where,g, is the dielectric constant in vacuum g, is thedielectric constant of silic{29].

The charge density equals the number of accepidreisubstratp(x) = —qN, for an abrupt

junction. The maximum field can now be calculatgdrtegrating over the depletion reg,

Xq4 —qNa —qNaXq
E = dx = 3.4
max fO €s; €0 s, €0 ( )

Further, the differential relation between the ascef electric fieldE at x = 0 and the

voltagey  applied to the silicon over a small width &rong inversion is,

_ v
E=—-— (3.5)
The surface potential across the regi,
_ Xd _ __ (%d—9Naxg _ gNaxgd?
Y, = —fo Edx = fo — dx = es %0 (3.6)

The depletion layer width for e-type semiconductor can hence be calculat,

2es; colvy|

X =
d qNa

(3.7)

The substre depletion charge g density at the onset of strong inversioy, = 2|¢¢|) can

be written as,
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2€s;€02|dflqNa

Qs = —qNaxq = —qNy —oNg —/4qNé€g, €|yl (3.8)

The applied gatsubstrate vitage drops over the oxide as well as over thedligpl region
The threshold voltage-Ms therefor,

s 4qNaes; €0l ol
Vi = Vo | = =2 4+ 206 = ———— + 2Ipd (3.9)

Q

CO ox

Where, \bx is the oxide voltag

Equation (3.9) shows that varying the substrate dogimgcentration changes the thresk
voltage. This knowledge can be used to explicitjuence the threshold voltage in ordel
change the on/off voltage of the transistor. Theirdd threshold voltay is typically 0.3V
for n-channel and phannel MOSFET respectively.

3.1.1 Work Function Difference

In practice, the work function in the silicon idfdrent than the work function in the ga
This is certainly true for polysilicon, which isromonly ued as a gate matal in CMOS, as
shown in figure 3.4In this case the Fermi poten ¢y, assuming nowlegeneration, of th

n-type poly silicon can be written

K i
q)poly = ?Tln (Nn_D) (3.10)

Where, N is the doping concentration of the poly silicone

However, if the doping concentration of the poligsih gate is higher than *-10"°cm™ the

Fermi level is equal to the eigy level of the conduction band so tht~ E. [30].

p R
vacuum level
J Qv
————— F S— E,
qy,
I
T .. By
iy L S I  d
E—— 7~ e E;
E,
| TR BT
E,
) b)

Figure 3.4: Energy band diagram of a MOS structure with degeedrpolysilicor
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Figure 3.4(a) illustrates the semiconduc oxide semiconductor stack in flat ba

The work function diférence in this case

qPms = —(aPpory + adr) (3.11)
If the gate and the substrate are under zero lniaditton the semiconductds depleted as
shown in figure 3i(b). Here, the Fermi energy lev¢E; of the gate and the substrate
aligned and the MOSFETSs structure is in weak inget
The threshold voltage can now be writte,

[4QNaes; €l
Vp = +———+42|d¢| + Vip (3.12)

B Cox
3.1.2 OxideInterface Traps

The oxide charg€),, is the inherent charge embedded between the gdtseaniconducto
and is strongly affected by the gate oxidation @os as well as the crystal orientation.
the previous section the voltage to achieve flatdtVyg was only dependent on the wc

function differencep,,s SO thatVgg = b -

The flat band voltage needs to be modified to ke of charges in the silicon/gate ox
interface. These charges are namely inte-trapped charges, fixealxide charges, oxit-
trapped charges and mobile ionic charcrriers as shown in figure 3.5.

mobile
oxide
charge O,

trapped e o

harge Q,
ik B SiO,
fixed - —
oxide — > H B B H H
charge () L3¢ % }

Si
interface ] !

trapped v
charge (),

Figure 3.5: Oxide traps in the gate oxide.

Interface-trapped charg€s;, with energy states in the silicon forbidden bgag are locate
at the Si-SiQinterface. The irerface trap density is orientation dependent. Aatian in the
order of one magnitude can be founc<100> orientation compared with silicon <111>

orientation S, reports values cQ;, in the region of 18cm™2[31].
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Fixed-oxide charge%); are also depending on the oxidation and anneatmmgditions.
Typical densities for a <100> surface aré’&6 2 and for a <111> surface 5 x6m™.
Oxide-trapped charge3,; are caused by defects in the Si@yer due to X-ray radiation or

high energy electrons.

Contamination during the oxidation process candealkali ions as mobile carriers in the
silicon oxide causing mobile ionic chardgs. Assuming that all charges are very close to
the oxide/ silicon interface, the flat band voltageluding the above discussed oxide charges

can be written as,

Qit+Qf+Qm+Qo
Veg = Oms — =T em ot (313)

COX
3.1.3 Small-signal Capacitance

So far the two terminal MOSFETS structure has beexluated under static conditions. In
this section the ac signal behavior will be invgsted. The capacitance,between two

plates of a parallel plate capacitor is given by,

Cox — €ox€0Aox (314)

tOX

Where,t,, is the thickness of the oxide aAg, the area.

Equation (3.14) is valid to calculate the capaci&im accumulation as shown in figure 3.6. If
the two-terminal MOS structure is in depletion cdiod, the oxide capacitance and the
capacitance of the depletion region are in sefiks.overall capacitance under this condition
is,

1 1 1 _ Cox+Cq

€~ Cor T84 ™ Coxta (3.15)

Where, G is the depletion capacitance.

At high measurement frequencies, as the gate wltamcreased the capacitance drops to its
minimum value so that the capacitance is given @yagon (3.15). This is because the
inversion layer charge (minority charge carrieraprot keep up with the fast changing
voltage applied to the device and only the dephetibarge can respond to the applied ac-
signal. The inversion layer charge can only be gkdnby the mechanism of thermal

generation and recombination which is a relatiwbbyv process.

At low measurement frequencies a different behagi@bserved because the inversion layer
charge can follow the variation of the applied sigrin this case the depletion charge is

constant. All of the applied voltage drops acrdgsdxide so that C=£as in accumulation.
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Thus, if the capacitance is plottes a function of ¥, a graph similar to figure 3.6

obtained.

>0

accumulation depletion  strong inversion

" low frequency
behaviour

high frequency
behaviour

v, > Vy

Figure 3.6: Capacitance of a tv-terminal MOS structure as function of gate volt
3.2 Four-terminal MOS Structure

The four-terminal MOS stature or MOSFET is similar to a t-terminal MOS structur
with the addition of source and drain regions. Ttypes of MOS transistors can

distinguished, namely enhancement mode and depletiode devices. In this section 1
enhancement mode MOSFET¢4l be discussed. For the following description loé tevice

it is assumed that the source is tied to grc

Figure 3.7(a) shows a zero biased gate, source, drainsahstrate. Around the+ — p
junctions, there is a small depletion region. Tégistance between source and cis very
high, as the two pjunctions are of opposite polari

Applying a gate voltage ¥of Vs < Vg < Vr depletes the pype semiconductor underne:
the gate oxid. The space charge region around source and myairextends under the ga
Increasing the gate voltage so thiz > Vr adds to the already existing depletion regior
inversion layer connecting the source and draimoreg However, since there is voltage

difference between the source and drain, no cucamflow andp = 0.
3.2.1 Linear Operation

A positive gate voltage Y of Veg < Vg < V1 as well as a positive voltage connected to
drain (\ps > 0) forms a depletion layer underneath the gxide. Since the gate voltage
not sufficient to create an inversion layer, norolel exists to connect the source and o

regions. Without taking leakage currents into aotaucan be said thap=0. This mode of
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operation is called the cutoff mo For the condition of ¥ > Vy and \ps < (Vg — V1), @
channel is formed, connecting source and drairha/s in figure 3.7(b). The MOSFETs
said to be nomsaturated. Due to the inversion layer, free elestnower the drail source
resistance, which is now much less than in depletimode and, irthermore, can be
controlled by the positive gate voltage. This madeperation is called linear mode. T
maximum channel voltage ., max (y = L) = \bs) can be found at the drain and drops

V¢, min (y=0)=0V at the sourc

Figure 3.7: Four terminal MOSFET structure (a) with zero biagate (b) in cutof

It is assumed that the channel is of constant keL, and of constant width W and

thickness changes between source and drain. lfollowing, the drain current for the line
region will be derived. The differential voltageogrin the inversion channel, parallel to

surface is defined as,

dV, = IpdR = Iy ——dy = I, dy (3.16)

Ip Acy)

p
Xc (Y)W

Where, A(y) is the crossection area of the channX.(y) is the channel thickness ap the

channel charge density.
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Since the channel resistivity can be expressed=a$/ (qu, n), the differential voltage is,

1

dv. =l ——
7 Dauxc W

dy (3.17)
Where,u_ is the channel mobility and n the number of negatharge carriers.

The inversion layer charge in the channel is defibg Q;(y)= —q nx.(y). Therefore the

equation of the differential voltage can be solf@dhe drain current to,
Ip dy = —=Qi(y)n, W dV, (3.18)

The inversion layer charge is dependent on thectfte voltage across the MOSFETS

capacitor so that,
QI(Y) = —Cox(Vo — Vpr — V() (3.19)

The drain current becomes,
Ip dy = Cox(VG —Vr — Vc(Y))HnW dVv, (3-20)

Integrating the left term of the equation over gireen channel length L, whilst integrating
the right term of equation (3.20) over the voltdgep across the channel gives,

Ip f, dy = Cox bty W [ (V — Vr = Ve(y)) dV,
Or, IpL = Cox p,W <(VG — V) Vps — %VDSZ> (3.21)
With,
B=Coxhy T (3.22)

The process transconductance parameter, equati@dh) (32ecomes the equation for the drain

current in linear mode.

Ip = B((VG — V) Vps — %VDSZ) (3.23)

3.2.2 Saturation Operation

The drain current cannot be continuously increageédsome point (s = Vg — V1) the
channel pinches off as illustrated in figure 3.7{d)e MOSFETSs is now in saturation mode.

The onset of saturation can be approximated byrfghithe maximum current using,
dip

e = 0 =PV — Vr — Vps) (324
DS
At this point the drain voltage is,

Vbssat = Vg — Vr (3.25)
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3.0x10° 1 jear I sat saturation
2.5x10 | region regen
2.0x103 | Ve=25V

olAl
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10° _ V. =2.0V
5.0x10 { / o
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00 05 10 15 20 25 30
VislV]

Figure 3.8: Idealized output characteristic of a 100nm chateredth (W=1um) MOSFET.
The current previously calculated for the lineagioa in equation (3.23) now changes, a
substituting the drain voltage by its saturatiolugdtc,

1
Ip = 2B(Ve — Vr)? (3.26)

Equation (3.26) is valid for long channel devices @oes not take velocity saturation fot
in short channel devices into acco
Figure 3.8 illustrates the output characteristia MOSFET based on equation (3.:and
(3.26). Furthermore, figure 8 shows the locus oVpss,e Where the current reaches

maximum value.

3.2.3 Body Bias Effect

Biasing the substrate, changes the voltage actwssdépletion layer and therefore
thickness and hence the threshold voltage. Theetiepllayer charge (see equation (3

changes to,

Qs = — \/4qNAesieo(|¢f| +Vp) (3.27)
Where, \4 is the substrate bias volta

The changén threshold voltage can now be determine,

4qNpes;€o(I9fl+Vp) \/4qNA€Si€0|¢f|

AVrpias = (3-28)

COX COX
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3.2.4 Detailed MOSFETs Analysis

For the previous analysis it was assumed thathiteshold voltage Ywas constant along the
channel. However, in reality the channel voltagéy)changes the substrate depletion charge

density @. Assuming (\é = Vg = 0) the threshold voltage can be written as,

ViVo) = 2 [2aes, eoNa(2Ide] + Vo) + 2l + Ve (3.29)

The non-saturated drain current can be written as,

v 1
Ip = BJ, "*{(Ve — Veg — 2ldgl) — Ve — a\/ZQESiEONA(ZWH + Vo) }dVe (3.30)

Integrating the above equation leads to the folhgnequation

1
Ip = B((Ve — Vs — 2|¢[)Vps — 5 Vps”

— 2 2065 CaNAllbd] + Vos)? — (21el)2)) (3.31)

At the peak value of the non-saturation currg‘iléﬂ( = 0) the saturation voltage is,
DS

Vps,sat = Vo — Vg — 2|yl

.€gN 2

S IEDTAL 4 B (v, — Vi) — 1 (3.32)
Cox S A

Substituting equation (3.32) into equation (3.3l9gves a more accurate calculation of the
drain current in the non-saturated region. In camspa with equation (3.23), the values gf |

in the detailed analysis tend to be lower tharmmendimple equations.
3.2.5 Sub Threshold Region

When ¢¢ < vy, < 2y, the semiconductor surface is in weak inversion.tiAs point the
minority carrier concentration is still lower théme substrate doping concentration. Nhe
corresponding drain curren$ Is termed sub-threshold current. The sub-threshotdent is

of particular importance for low-power applicaticasit determines the off-current.

In weak inversion the sub-threshold current is a@tad by diffusion instead of drift. Due to
the arrangement of the MOSFETg,, be approximated in the same way as the collector

current of an npn-bipolar transistor with homogersebase doping to,

dn (0)—n(L)
Iy, = ~9AsubDn 3" = QAsubDn = (3.33)

Department of Electrical and Electronic Engineerigst West University 28



Undergraduate Thesis Report

Where, Ag,p, is the cross-section of current flo,, = p kT/q the electron diffusion
coefficient and n(0) and n(L) the electron densitrethe channel at the source and the drain.
The ared\,;, of current flow is given by the width W of the dew and the effective channel

thicknesX..¢r. The effective channel thickness can be calculased

KT
Xceff = ?Es (3-34)

Where, Eis the electric field at the silicon surface inakenversion.

Hs given by,

_ —Q _ ’2qNA¢ss
ES - ESiEO - ESiEO (335)

Where, ¢y, is the surface potential at the source.

The electron densities are given by,

n(0) = n; exp (M)

KT
n(L) = n; exp (—q(d)ss_kif_vm)) (3.36)
Substituting equation (3.36) into equation (3.38g§g,
_ qAsubDnnj exp(_g,?f) —qVps) qbss
Ipgu, = L (1 —exXp (( KT ))) exp (W) (3.37)
The sub-threshold swing is defined as,
_ (d0og1olp)) ™"
s=( e ) (3.38)

For the simulation it was assumed that the surfamtential at the source is equal to the
surface potential given by d/— Ves. The extracted sub-threshold slope S was 60mV/dec.

Equation (3.37) shows the linear relation betwdendhannel length L and the drain current

ID sub-

3.2.6 Short Channel and Narrow-width Effects

The equations discussed in the previous sectionfary accurate for describing large

devices; they cannot be applied to small-geomet®SWETS devices.
Charge Sharing Effects:

A significant fraction of total substrate depleticmarge underneath the gate originates from
the pn-junctions. This charge must be subtractech fihe threshold voltage expression since
it is independent from the applied gate voltage. IBor Vpsthe depletion region thickness

can be considered constant throughout the chafhel.depletion charge controlled by the

Department of Electrical and Electronic Engineerigst West University 29



Undergraduate Thesis Report

gate can be modeleas a trapezoidal volume. For this case the -Qg/Cox changes due to

the geometry dependence to,

QpLeff
— m (3.39)

Where, L. is the effective channel leng

The bottom of the trapezoid has the same lengtts itha channel, whilst the top of t
trapezoid has a length of kuch thg,

L=L, + 2AL (3.40)
Where, AL is the lateral extent of the depletion width at Huairce and drain as shown

figure 3.9(a).

Figure 3.9: Schematic diagram of a charge sharing model shothimgepletior

The effective channel length can be writte,

Legr = = = L — AL (3.41)
Substituting equation (3.4into equation (3.39) gives,
Qp (L—-AL\ _ Qg AL

()= (t-9) (3.42)

Assuming that the pjunctions are shaped like qua-circular arcs and extend a distaiXy
into the psubstrate the deetion depth for the source and drain, respectivegn be
expressed as,

4esi €0
qNa

Xq = | el (3.43)

In order to calculataL of thetriangle shown in figure 3.9(b), we can say,
(xj + AL)? + x4* = (%) + Xq)* (3.44)

Where X; is the junction depth of the n+ imple
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The solution of this quadratic,

AL = —x; + /ij + 2x;Xq (3.45)

The shortehannel threshold voltagVrscg V1sce can now be calculated,as

/4qNA€si€o|¢f| AL
Vrsce = Vg + —(1 - T) + 2| ¢l

COX
Jm X 2Xq
= Vg + -3 f1+x—j—1 + 2|yl (3.46)

The threshold voltage reduction induced by thet-channel effechVrgcg can be computed
by using the above assumption,

Qs ALY [4aNae€s; ol x; 2%q
AVrsce = —(— T) R W et (3.47)

COX

Channél Length Modulation:

Increasing the drain voltage beyond the onsettofaton Vpg >Vpg s,¢) moves the pinc-off
point away from the drain towards the sourceis movement of the pin-off point is called
channel length modulation. It should be noted, that termination of the channel at 1
pinch-off point does not shut off the current. It rathejects carriers travelling from tt
source towards the draintinthe drain depletion region. Since the voltagepdirom the
pinch-off point to the source is siVpg s, the portion of the applied drain voltage bey:
(Vbs—Vpssat) IS dropped across the depletion layer at thendi@ompared to the onset
pinch-off, the same voltage is now dropped across aler channel length L" so that<L
as illustrated in figure 3.10.

The resulting drain current will increaseghtly. This effect can be analytically modelled

approximating the inversion layer charg, (L_) = 0, which implies that,

pinch-off point

Figure 3.10: Channel under pinch-off condition.
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The channel voltage at Is Vpgg,e the pinch-off length k can be calculated using t

approximation of a depletion region, whereby thdtage drop across this region

(Vbs—Vps sat) 1O,

2€s.€g

Lp = — (Vbs — Vps sat) (3.48)
qNa

The relation of the saturation current and the nkarength modulation can now

approximated as,

~ ID,satL _ ID,sat

Figure 3.11 illustrates the effect of channel léngtodulation. Simulating the effect
channel length modulation using equation (3.49)wshohat the drain currt does not
saturate. Increasing the dragsource voltagéps aboveVyg g, increases the drain currelp

in the saturation region.

3
4x10 1 linear satL_lration

3x1073 |
o ) |
% 2x10%

103 |

Figure 3.11: Output characteristic of a 100nm channel length 1um) MOSFET
Drain Induced Barrier Lowering:

As Vps increases the channel length L is reduced becéwesdrain depletion region mov
closer to the source depletion region. This regults significant field penetration from tl
drain to the source vich lowers the potential barrier at the source.idgreased injection ¢
electrons by the source can now conduct more dutin@am one would expect. This effect
termed drainnduced barrier lowering (DIBL)[32]. Furthermore, the depletion chai
density Qg of short channel devices, where the geometry of dbpletion region i

approximated as a trapezoid as shown in figu9 is lower than for long channel devic
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where, a rectangular depletion region was assuribi lowers the threshold volta

Vrscg for increasing drainoltage: Vps.
Punch-through Effect:

Punch through occurs when, due to the drain appoltageVyg, both depletion regior
merge and/; <V . In this case, where LAL, the gate loses control over the drain cnt
Ip [33]. To overcome the effect of pur-through, higher doping of the substrate is requ

to minimize the depletion regic
Narrow-width Effects:

The definition of the active area and the resultiegletion region beneath the silicon/ ox
polysilicon layer interface leads to a higher threshattage caused by an increase of

substrate charge per unit af@a Two different approximations are shown in figGré&2

junction  paie oxide  polySi

v
F

a) b)

13
|

Xy Xy

Figure 3.12: Narrow widh effect of lateral MOSFETSs (a) circle approximatit)
triangular.

The narrowwidth threshold voltagVywe Can be calculated as,

/4qNA€si€o|¢f|
e (1+33) + 2l (3.50)

V- =V, —
TNWE B T o W

Where, K 8 the form factor depending on the chosen modelsha figure 3.13 for botl
sides of the nommniformly shaped depletion regio

Table 3.1;: Shows different values for the formdtor K

Type Circle Triangular
Shape X4 b X4 [>
T Xa/
Formfactor K 4 2
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The term of the threshold volta(v; can be modified by adding the nari-width effect

voltageAVrnwE,

1 K
AVrnwe = a\/quAESiEO(Zld)fl) (%) (3.51)

3.2.7 Parasitic Bipolar Effects

Reducing, the channel length L whilst keeping thiairc source voltageVpg constant
increases the maximum electric field experiencedhieycharge ceiers (electrons) near tt
drain region. Energetic charge carriers can crealew electronhole pairs by impac

ionization as illustrated in figure 3..

o a
@ g

vt 0L og

11,

Figure 3.13: Parasitic bipolar transistor action.

Holes injected into the substrate will flcto the substrate contact where they will give ts
a substrate current. This substrate current flolivgiie rise to voltage drops in the substr
that can cause the forward biasing of the sub¢ source junction. In this case, electrons
injected into the substrate which will be collected by tirain. This effect is known

parasitic bipolar transistor actic

Parasitic bipolar transistor action can have sigaift effects when the substrate contac
remote from the drain or when the suate is floating. In the latter case, floating b
effects occur that seriously influence the behagfdhe device

The severity of the parasitic transistor actiondetermined by the gain of the bipo
transistor. The gain of a bipolar transistor iven by the ratio of the collector currel. and

the base curreri as follows
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B= :—; (3.52)

The base curreng of the bipolar npn-transistor shown in figure 3idgiven by, [34]

qADpe 1'112 qQVbe
Iz = ex ( ) 3)5
B ™ WE Npess P er (3)

Where,D,, is the hole diffusion coefficient in the emitteso(irce),Wg is the emitter depth,
Npesr is the effective donor concentration in the emidad Vi, the base emitter voltage
which is caused by the potential shift in the stdtet

The collector curreri; is given by,

_ 9ADppnj? qQVpe
le = Wg Napeff eXp( KT ) (354

Where,D,,;,, is the electron diffusion coefficient in the ba¥g; the width of the base and

Napesr the effective acceptor concentration in the base.

Substituting equation (3.53) and (3.54) into equat{3.52) gives the gain of the parasitic
npn-bipolar transistor as follows,

B= DnpWE Npefr (3.55)

DpeWB Nabeff
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CHAPTER 4

SIMULATION METHODOLOGY

4.1 Simulation Overview

The device simulation is done using the commenégice simlator ATLAS-SILVACO. A
vertical MOSFETS structure has been simulated shémnel lengtlof 100nn, heavily doped
drain depth 20nm, lightly doped drain depth 20nng with a gateoxide thicknes:«of 2nm.
The heavily doped drain and source region were éo using uniform dopincconcentration
of 1 x 102! /cm3. The various LDD dopir of 5 x 108 /cm3,1 x 10*°/cm3, 5 x 109 /
cm? and1 x 10%° / cm3 were used for analysis this device structure. Heeebody was -
type and source drain and gatere ~type with uniform concentratiorseveral body dopin
concentrations @re investigated with values 1 x 101® / cm3, 2 x 10%® / cm3, 4 x 106 /
cm3, 6 X101 /cm3, 8 x 10'% / cm3, 1 x 107 /cm3, 2 x 107 /cm3, 4 x 1017 / cm?,

6 x 107 /cm3, 8 x 1017 / cm?® and1 x 108 / cm3.

ATLAS
Data fum VWOS._FOR, RUBEL desicestruchie st

11

LDD

3

Il

ecgpooEmN

Figure4.1: Schematic structure of vertical MOSFET.
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The created device grid structure is shown b,

ALAS
Dl fm IS FOR_PUBEL g s
U
]
u
0
a2 4 0 (M [

Figure4.2: Crosssectional view overtical MOSFET for 100nm channel length showing
grid density.

To accuratly create the device structure, I ensured adequate mesh density in high field area
such as channel region, source, drain and gate junction region. I have taken finer mesh at the
interface of heavy doping and the light doping interface. I have removed grid lines from a
specified device region where I expect a coarser grid using the ELIMINATE statement. A
coarser grid is used at the substregion in order to reduce simulation run time aokieve

more accuracyAsimple drift-diffution model has been used for simulation.
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For this Simulation, | used Fermi-Dirac statisticgjving the probability #E).

Mathematically,

H(E)=—

B 1+exp(_—EF)

. (4.1)

Where, EE) is called Fermi-Dirac probability function,rHs Fermi energy level that

spatially independent of reference energy andtkdBoltzmann’s constant.

It is known that the mobility degradation occurside the inversion layers of a MOSFET.
This degradation is occurred due to subsequentghemni surface scattering near the
semiconductor to insulator interface. The effeats acoustic phonon effect, longitudinal
electric field effect etc. To handle these effecthave used the most advance model,
Lombardi CVT Model [35]. | can select this modevegte down the CVT in input text file at

model statement. In the CVT model, the transveaedd,fdoping dependent and temperature
dependent parts of the mobility are given by thceenponents that are combined using

Mathiessen’s rule. These components are surfacditydimited by scattering with acoustic

phononsflac), the mobility limited by surface roughnesdgf), factor and the mobility

limited by scattering with optical intervalley prams {1p), are combined using Mathiessen’s

rule,
e Ut [l o e (4.2)
Where, the first component, acoustic phondusc] is surface mobility limited by scattering,

_ BNCVT | CN.CVT NTAU.LVT 43
Hacn = 7] I (4.3)
TLE3

_ BP.CVT n CP.CVT NTAUP.CVT )
l"lAC.p - E, % .
TLE3

Where, T is the temperature, Hs the perpendicular electric field and N is th&ak doping
concentration. The equation parameters BN.CVT, BF,CN.CVT, CP.CVT, TAUN.CVT,
and TAUP.CVT are specified shown in table 4.1.
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Table 4.1: Specified parameters for equation (4.3) to (4.4).

Statement Parameter Default Units
MOBILITY BN.CVT 4.75%x10 cm/ (S)
MOBILITY BP.CVT 9.925x16 cm/ (s)
MOBILITY CN.CVT 1.74x16
MOBILITY CP.CVT 8.842x10
MOBILITY TAUN.CVT 0.125
MOBILITY TAUP.CVT 0.0317
MOBILITY GAMN.CVT 25
MOBILITY GAMP.CVT 2.2
MOBILITY MUON.CVT 52.2 cn/ (v-s)
MOBILITY MUOP.CVT 44.9 crfy (v-s)
MOBILITY MULIN.CVT 43.4 cn/ (v-s)
MOBILITY MU1P.CVT 29.0 crfY (v-s)
MOBILITY | MUMAXN.CVT 1417.0 crv (v-s)
MOBILITY | MUMAXP.CVT 470.5 cni/ (v-s)
MOBILITY CRN.CVT 9.68x 16 cm®
MOBILITY CRP.CVT 2.23x1Y cm®
MOBILITY CSN.CVT 3.43x1¢ cm®
MOBILITY CSP.CVT 6.10x1% cm®
MOBILITY ALPHN.CVT 0.680
MOBILITY ALPHP.CVT 0.71
MOBILITY BETAN.CVT 2.00
MOBILITY BETAP.CVT 2.00
MOBILITY PCN.CVT 0.0 criv
MOBILITY PCP.CVT 0.23x1H cm®
MOBILITY DELN.CVT 5.82x10" Vis
MOBILITY DELP.CVT 2.054x1¢' Vs

MSI‘

st

_ DELN.CVT
Ef

__ DELP.CVT
Ef

The second component, surface roughness factordas gy,
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Here, the equation parameters DELN.CVT and DELP.GMd also the defaults shown in
table 4.1.

And finally, the third mobility component, is moityl limited by scattering with optical
intervalley phonons is given by,

—GAMN.CVT

L _
_ —PCN.CVT [MUMAXN'CVT(soo) MUON.CVT
Won = MUON. CVTexp ~ A —
1+(CRN.CVT) (4.7)
MU1N.CVT
T T GSNCVT\BETAN.CVT
()
T, \~GAMP.CVT
_ _pcpovry | |MUMAXPCVT(SL) ~MUOP.CVT
Hop = MUOP. CVTexp N N \ALPHP.CVT
1+(CRP.CVT) (48)
MU1N.CVT

CSP.CVT\BETAP.CVT
(55

It is known that the band gap of Si gets changednndioping concentration is greater than
1lel8/cc. The conduction band is lowered by apprateig the same quantity as the valence

band is raised.

ATLAS allows such a band gap narrowing effects pgcifying the BGN parameter of the

MODELS statement. An analytic expression of barul grrowing effect is as follows.

_ N N \? 2
AE@=BGN.E{ln—— + [(m ——)  +BGN. c] (4.10)

Which has been taken from Slotboom and de Graafaytcal expression of band gap

narrowing effect.[36].

The parameters BGN.E, BGN.N and BGN.C were defalites shown in table 4.2.

Table 4.2: Specified parameters of Band gap Narrowing Modeétpuation (4.10).

Statement Parameter Default Units
MATERIAL BGM.E 9.0x10° %
MATERIAL BGN.N 1.0x10" cni®
MATERIAL BGN.C 0.5 -
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For carrier generation and recombination, | usedcBley-Read-Hall (SHR) recombination
model in my device simulation. The mathematical slodf Shockley-Read-Hall
recombination is as follows,

pn-nf,

ETRAP
KT, )]+TAUNO[p+nie exp(

(4.11)

Rspy =

_ETRAP)]

TAUPO[n+nie exp( KT,

Where, ETRAP is the difference between the trapggnlevel and the intrinsic Fermi level.

TAUNO is the electron lifetime and TAUPO is the é&dife time. This model is activated in
ATLAS software by write down SHR at MODEL statemeAs TAUPO and TAUNO
parameters are user definable on the materialns¢aie although | used default values of

carrier lifetimes are given table 4.3.

Table 4.3: Specified parameter for equation (4.11).

Statement Parameter Default Units
METERIAL ETRAP 0 eV
METERIAL TAUNO 1.0x10’ S
METERIAL TAUPO 1.0x10 S

The electron and hole lifetimes, and T, respectively are concentration dependent. The

constant carrier lifetimes are applied to makerection of impurity concentration using the

equation,
R . pn—n?,
SRH — ETRAP —ETRAP (4.12)
Tp[Nn+nje €Xp W +Th|P+Nje €XP T
+ — _TAUNO (4.13)
S U - '
(NSRHN)
+ — _TAUPO 4.14)
P+ R '
(NSRHP)

Where, N is the local (total) impurity concentratioThe parameters TAUNO, TAUPO,
NSRHN and NSRHP having default values shown iretdbd.
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Table 4.4: Default parameters for equations (4.10) to (4.12).

Statement Parameter Default Units
METERIAL TAUNO 1.0x10’ S
METERIAL NSRHN 5.0x16° cm®
METERIAL TAUPO 1.0x10 S
METERIAL NSRHP 5.0x1¢ cm®
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CHAPTER 5

ELECTRICAL RESULTS

This chapter describes the effect of LDD on somge p@ameters of vertical MOSFETS. |
extract device drive current, sub-threshold slapain induced barrier lowering (DIBL) and
threshold voltage from output characteristics arahdfer characteristics respectively for
various LDD and body doping for a 100nm vertical SEETS. | observe that due to increase
of the LDD doping the drive current of the deviseincreased but sub-threshold slope and
DIBL are degraded. Moreover, it is also observeat the threshold voltage decreases at a

minimum rate with the increase of LDD doping. Thessults are summarized below.
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Figure5.1: Transfer characteristics of 100nm vertical MOSFEF$ody doping of
1 x 108 / cm3 at different LDD doping (a3 x 108 / cm3, (b) 1 x 10° / cm?,
(c) 5 x 10*° / cm3® and (d)1 x 102°/cm3.

Figure 5.1 shows the transfer characteristics efvidrtical MOSFETSs for a body doping of
1 x 108 /cm? at various LDD doping 0% x 1018 / cm3,1 x 10'°/cm3,5 x 10'° /cm3 and

1x102%° /cm3. | found that for LDD doping5 x 108 / cm3(Figure 5.1 (a)), the sub-
threshold slope of the device is 82.28 [mV/decBDIs 6.11 [mV/V] and threshold voltage
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is 1.153 V. For the highest value of LDD dopinglof 102° / cm3, the sub-threshold slope

of the device is 86.77 [mV/dec], DIBL is 15.78 [mX}/and threshold voltage is 0.8545V.
These extracted values are shown in table 5.1.

Table5.1: Device parameters for body dopihg 1018 / cm? at different LDD.

SOPY D'— DD Vg V1V S [mV/dec] DIBL [mv/v]
opin opin
] | ey | M| (Ves1y) When (1p=10°A)
(Ips=0.13mA) | (Vos=0.1V&1V) | (Vpe=0.1V&1V)
1x10® | 1x10%° | -3t03| 0.8545 86.77 15.78
1x10® | 5x10'° | -3t0 3 0.95 85.51 15
1x10%® | 1x10'° | -3t03 1.093 83.35 9.78
1x10® | 5x10® | -3t03 1.153 82.28 6.11

As can be seen from the table 5.1 with the increddeDD doping devices sub-threshold

performance is slightly degraded. In addition tis th slight reduction in threshold voltage

can also be observed with the increase of the LDrd).

N
T

151

Drive current, | s [ PAIM ]
-
T

Drive current, | s [ pA/pm]

Vgs=3V

o] 0.5 1 1.5

2 2.5 3

urce voltage, V DS [vi

Drive current, | o [pApm]

Drive current, | s [pApm]

x 10°

o 0.5 1 1.5

Drain to source

2 2.5 3

voltage, V DS (vl

Figure 5.2: Output characteristics of 100nm vertical MOSFETrsbiody doping of
1 x 108 / cm3 at different LDD doping (a3 x 108 / cm3, (b) 1 x 10° / cm?,
(c) 5 x 10*° / cm3® and (d)1 x 102°/cm3.
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Figure 5.2 shows the output characteristics forvagical MOSFETs for 100nm channel
length. These output characteristics is obtaineigifest body dopingl(x 10 / cm?3) and
for all LDD doping of5 x 108 / cm3, 1 x 10'°/cm3,5 x 101°/cm? and1 x 102° / cm3.
From these curves the drive currents are extrdoiedss=3V and \bLs=3V. | observed that
for the LDD doping ob x 108 / cm3, the drive current of the device is 2.56 [mA/p o,
the LDD doping ofl x 101°/cm?3, the drive current of the device is 2.76 [mA/um]; fbe
LDD doping of5 x 10°/cm3, the drive current of the device is 3.1[mA/um], dod the
LDD doping of1 x 10%2°/cm3, the drive current of the device is 3.22 [mA/unlis found

that with the increase of the LDD doping the d@inrent j increases.
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Drive current, | o [ HA/um ]
Drive current, | g [ pA/UM ]

. . . . . . . . .
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-3 2 -1 0 1 2 3 -3 2 -1 0 1 2 3
Gate to source voltage, V. Gs vl Gate to source voltage, V & [v]

Figure5.3: Transfer characteristics of 100nm vertical MOSFEF$ody doping of
1 x 10 / cm? at different LDD doping (a3 x 108 / cm3, (b) 1 x 10° / cm?3, (c)
5 x 101° / cm3 and (d)1 x 102°/cm3.

Figure 5.3 shows the transfer characteristics efwuértical MOSFETs for 100nm channel
length. These curves are shown for the lowest tmmhing (L X 10'® / cm3) on for LDD
doping of5 x 108 / cm3, 1 x 101°/cm3,5 x 10'° / cm® and1 x 10%° / cm3. | found that

for the LDD doping ob x 108 / cm3, the sub-threshold slope of the device is 232.22
[mV/dec], DIBL is 451.99 [mV/V] and threshold vofia is0.2401[V]. For the LDD doping
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of 1 x 102° / cm3, the sub-threshold slope of device is 305.29 [ne¥]d DIBL is 700
[mV/V] and threshold voltage i9.1459[V]. These extracted values are shown in the
following table 5.2.

Table5.2: Device parameters for body dopihg 1016 / cm? at different LDD.

gg}?% D';)gi[;g Vg AV S [mVi/dec] DIBL [TV/V]
[em™] | [em™?] v Vos=1v) v :c\)/hle\;]&lw ( 0=102)

(I ps=0.13mA) ps=0. (Vps=0.1V&1V)
1x10% | 1x10%° | -3t03 0.1459 305.29 700
1x10% | 5x10° | -3t0 3 0.1598 294.18 638.78
1x10% [ 1x10° | -3t03 0.2064 256.65 518.56
1x10% [ 5x10™® | -3t0 3 0.2401 232.22 451.99

These results again indicate that with the incredsiee LDD doping the sub-threshold slope
(S) and DIBL of the device is increased, but thesholds voltages ¢V of the device is

slightly decreased. It is worth noting that suke#iirold slope (S) and DIBL values are
significantly worse at the body doping dfx 101¢ / cm?3 in comparison to the body doping

of 1x 108 /cm3.

= [ ]
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Dieanet, |
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o [Raml
o [Raml
S

Dieanet, |
Dieanet, |
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Drain to source voltage, V g [V ] Drain to source voltage, V g [V ]

Figure5.4: Output characteristics of 100nm vertical MOSFETrsbiody doping of
1 x 10%% / cm? at different LDD doping (a3 x 1018 / cm3, (b) 1 x 101° / cm3, ()
5 x 101 / cm® and (d)1 x 10%°/cm3.

Figure 5.4 shows the output characteristics for wagical MOSFETs for 100nm channel
length. These output characteristics are preserfied the lowest body doping
(1 x 10 /cm3) and for LDD doping of x 108 /cm3, 1x10¥/cm3,5 x 101° /
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cm? and1 x 10%2° / cm3. | found that for the LDD doping of x 10'® / cm?3 the drive
current of the device is 4.69 [mA/um], for the LDd®ping of 1 x 101° / cm? the drive
current of the device is 4.99 [mA/um], for the LDddping of 5 x 101° / cm3 the drive
current of the device is 5.40 [mA/um], and for tH@D doping of1 x 102° / cm? the drive
current of the device is 5.63 [mA/um]. These resaljain indicate that with the increase of

the LDD doping the drain currergik also increases.

o 10°
Body dbping:ie;GICCf ‘Body d‘OpingzéE‘lG/CC‘Bod dé) in :ie17/CC
Body doping=2e16/CC Body Opingzgem,éc ping
55l Body doping=4e16/CC
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£ °f
=
i Body doping=4e17/CC
— 45 .
(%0}
[a]
= Body doping=6e17/CC
§ 4r Body doping=8e17/CC |
3
[¢}]
Z 35 \ =
a ody doping=1e18/CC
3+ il
25 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Lightly doped drain, LDD [ cm-3] x 10~

Figure5.5: Drive current as a function of lightly doped dréifbD) for different body
doping,1 x 10%® / cm3,2 x 10%® / cm3, 4 x 101 / cm3, 6 X 101® / cm3, 8 x 10%° / cm3,
1x 107 /ecm3,2 x 1017 / cm3, 4 x 107 / cm3, 6 X 1017 / cm3, 8 x 1017 / cm3 and
1x 108 / cm3.

Figure 5.5 shows Drive current as a function diitlig doped drain (LDD) for different body
doping,1 x 101® / cm3, 2 x 10%® / cm3, 4 x 101® / cm3, 6 X 101® / cm3, 8 X 10%® / cm3,
1x10'7 /ecm3, 2x10Y /cm3, 4% 107 /cm3, 6 x 107 /cm3, 8% 107 /cm?® and

1 x 108 / cm3. The drive current are shown fo¥3V and \bs=3V. It is found that the
drive current of the vertical MOSFETSs device insesawith increasing LDD doping at each
body doping. It is also found that drive currentldfOnm vertical MOSFETs device also

increases with the decrease of body doping.
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Figure5.6: Sub-threshold slope as a function of lightly dodeain (LDD) for different
body doping ofl x 10 / cm3,2 x 10 / cm3, 4 x 101® / cm3, 6 X 10%° / cm3, 8 X
10%% / cm3, 1 x 107 / cm3,2 x 107 / cm3,4 x 1017 / cm3, 6 x 1017 / cm3, 8 x 1017 /
cm?® and1 x 108 / cm3,

Figure 5.6 shows sub-threshold slope as a fundiidightly doped drain (LDD) for different
body doping,1 x 10® / cm3,2 x 10%® / cm3, 4 x 10%® / cm3, 6 x 101® / cm3, 8 x 1016 /
cm3,1x 107 /cm3,2 x 10Y7 / cm3, 4 x 1017 / cm3, 6 x 107 / cm3, 8 x 1017 / cm? and
1x 108 / cm3. It is found that sub-threshold slope graduallgrdees with the increase of
LDD doping for any fixed body doping. For body dagil x 108 / cm3® sub-threshold
slopes are 82.28 [mV/dec], 83.35 [mV/dec], 85.51V][dec], 86.77 [mV/dec] for LDD
doping of5 x 10'® / cm3, 1 x 10'%/cm3,5 x 10%° / cm3& 1 x 10%° / cm3. For the lowest
body dopingl x 10%® / cm3® sub-threshold slopes are 232.22 [mV/dec], 256.69/{ec],
294.18 [mV/dec], 305.29 [mV/dec] for the LDD dopingf 5 x 108 /cm3,
1x 10 /cm3,5 x 101 / cm3and 1 x 10%° / cm3 respectively. It is worth noting that sub-
threshold slope degradation is more prominentsat1 0 / cm3 body doping in comparison

to 1 x 10'® / cm3 body doping.
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Figure5.7: Drain induced barrier lowering (DIBL) as a functiohlightly doped drain
(LDD) for different body doping of x 10® / cm3,2 x 10® / cm3, 4 x 106 / cm3,
6 x 10 /cm3,8 x 101% / cm3, 1 x 1017 / cm3,2 X 1017 / cm3, 4 x 107 / cm3, 6 X
1017 / cm3, 8 x 107 / cm? and1 x 108 / cm3.

Figure 5.7 shows Drain induced barrier loweringBD)J as a function of lightly doped drain
(LDD) for different body doping of x 10'® /cm3,2 x 101® / cm3, 4 x 101® / cm3,

6 x 10° /cm3,8 x 10%° / cm3,1 x 107 / cm3,2 x 1017 / cm3,4 x 1017 / cm3,6 x 1017 /
cm?,8 x 107 /cm?® and1 x 108 / cm3. DIBL trend of 100nm vertical MOSFETs device
is similar to the sub-threshold slope at differeBD doping. For body doping df x 1018 /
cm? DIBL values are 6.11 [mV/V], 9.78 [mV/V], 15 [mV/V]and 15.78 [mV/V], for LDD
doping of5 x 108 / cm3,1 x 101°/cm3, 5 x 10*° / cm® and 1 x 102° / cm3 respectively.
For the lowest body doping df x 101 / cm3 DIBL values are 451.99 [mV/V], 518.56
[mV/V], 638.78 [mV/V], and 700 [mV/V] for LDD dopig of5 x 108 / cm3,
1x10%/cm3,5 x 10 /cm3 and 1 x 102° / cm® respectively. Again DIBL degradation
is more prominent at the body dopihg 10 / cm3 in comparison to the body dopingx
1018 / cm3.
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Figure5.8: Threshold voltage (M as a function of lightly doped drain (LDD) forfigirent
body doping ofl x 10® / cm3,2 x 10® / cm3, 4 x 101® / cm3, 6 x 10® / cm3, 8 X
10%% / cm3,1 x 107 / cm3,2 x 107 / cm3,4 x 1017 / cm3, 6 x 1017 / cm3, 8 x 1017 /
cm?® and1 x 108 / cm3,

Finally, figure 5.8 shows Threshold voltager]\as a function of lightly doped drain (LDD)
for different body doping ofl x 10° / cm3,2 x 101® / cm3, 4 x 10%® / cm3, 6 x 10 /
cm3, 8 x 10 /cm3, 1x 107 /cm3, 2x 107 /cm3, 4 x 10Y7 /cm3, 6 x 107 / cm3,

8 x 1017 /cm3® and 1 x 108 /cm3. In contrast to the sub-threshold slope and DIBL
threshold voltages of 100nm vertical MOSFETs amniébto decrease with the increase of
LDD doping. For body doping df x 10'® / cm3 threshold voltages (Y values are 1.153V,
1.093V, 0.95V and 0.8545V, for the LDD doping & 101® / cm3, 1 x 101%/cm3,5 x
10° / cm3and1 x 102° / cm3 respectively. For the lowest body dopinglok 106 / cm3
threshold voltages (y values are 0.2401V, 0.2064V, 0.1598V and 0.145@r LDD
doping of5 x 1018 / cm3, 1 x 101°/cm3,5 x 101° / cm3 and1 x 10%° / cm3 respectively.

It is worth noting that threshold voltage{)\change with LDD doping is more prominent for
body doping ofl x 108 / cm® in comparison to the body doping bk 1016 / cm3. Which

is not similar to the trend observe for sub-thrégsbope and DIBL observed in figure 5.6
and figure 5.7.
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CHAPTER 6

DISCUSSION

The electrical results which | have elaboratelycdbgd in chapter 5 exhibits some non-
trivial effects of LDD doping on the electrical chateristics of CMOS compatible vertical
MOFETs such as sub-threshold slope, drain inducadieln lowering (DIBL), threshold
voltage, and drive current. | observed that theedaurrent § is increased due to increase of
LDD doping for any fixed body doping. As the soutoedrain series resistance of the device
is reduced due to increase of LDD doping, the dduerent is increased at a noticeable
amount. In addition to the source/ drain seriesstasce effective channel length of device
also decreases with the increase of LDD doping lvhlso increase the drive current for any
fixed body doping. The increase in the drive curfem any fixed drain and gate voltages
with the decrease of the body doping can be exgthby the onset of reduction of threshold
voltages and significant reduction of the chaneebths with the decrease of body doping.
The degradation of sub-threshold characteristiob-{ereshold slope and DIBL) with the
increase of LDD doping is also due to the similaeqmomenon of effective channel length
reduction with the increase of LDD doping for ametl body doping. However, this effect is
more prominent at low body doping values as effecthannel length reduction with the
increase of LDD doping is expected to be high. Binphenomenon can be attributed to the

reduction of threshold voltages with the increase@D doping.
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CHAPTER 7

CONCLUSION

7.1 ThesisSummary

In this thesis, | investigate the effect of theiaton of LDD doping in CMOS compatible
vertical MOSFETs architecture. It is found that lwithe increase of LDD doping drive
current of vertical MOSFET increases whereas sudstiold performance is degraded. The
degradation of sub-threshold performance is fownoet more prominent at low body doping
values. In addition to this threshold voltage oftieal MOSFETSs are found to decrease with
the increase of LDD doping. These effects are exgthby the reduction of the effective
channel lengths and decrease in the source/ dezagsgesistances with the increase of LDD
doping values. These results are very significantchoosing appropriate body doping and
LDD doping values for fabricating 100nm CMQOS conilplatvertical MOSFETSs.

7.2 Limitation of the Work and Possible Future | mprovement

* The current simulation has been done using cldsigadiffusion isothermal model
in 2D device frame work. More accurate results ddag obtained if 3D simulation
could be done as CMOS compatible vertical MOSFEfEs mainly attractive for
surround gate structure with possible corner egfeCurrent 2D simulation cannot
take account of corner effects.

e During my simulation | have not taken any interfastates in gate oxide. In
fabricated vertical MOSFETS interface states majfect electrical characteristics.

* For HDD and LDD doping | have used constant domiagcentrations whereas in
real world the doping might have gradient in pmfiGaussian doping profile or
creator of device structure in Athena process satoulshould make the results more
realistic.

» The results would be more accurate if lattice Imgagffects are taken into account

through energy balance model.
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A.1l: Sub-threshold characteristics at different bodying and LDD doping values.

APPENDICES

APPENDIX-A

A. Sub-threshold characteristics
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Fig.A1: Transfer characteristics of 100nm vertical MOSFEFsody doping ofl x 1018 /
cm? at different LDD doping (aJ x 108 / cm3, (b) 1 x 10'° / cm3, (¢)5 x 10° / cm3

and (d)1 x 102°/cm3.
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APPENDIX-B

B. Output characteristics

B.1: Output characteristics at different body dopind &BD doping values.
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Fig.B,: Output characteristics of 100nm vertical MOSFETrsbfody doping ofl x 1018 /
cm? at different LDD doping (&% x 108 / cm3, (b) 1 x 10'® / cm3, ()5 x 10° / cm3

and (d)1 x 102°/cm3.
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APPENDIX-C

C. Comparison table

C.1: Comparison table at different body doping and Lidping values.

Tablel: Device parameters for body dopirigx 108 / cm? at different LDD.

SOPY D'— DD | Vg V1V S [mVidec] DIBL |5 [A]
opl_r;g opl_r;g V] (Vps=1v) When [MVIV] FromlpVp Curve
[em™=] | lem™] (Ips=0.13mA) | (Vos=0.1V&IV) | (Ip=10°A) | (Vps=3V&V5s=3V)

(VDSZO.lV&].V)
1x10° | 1x10° | -3t0 3 0.8545 86.77 15.78 0.00322
1x10° | 5x10° | -3t0 3 0.95 85.51 15 0.0031
1x10° | 1x10° | -3t0 3 1.093 83.35 9.78 0.00276
1x10° | 5x10° | -3t0 3 1.153 82.28 6.11 0.00256
Tablell: Device parameters for body dopiryx 1017 / cm? at different LDD.

SODJ D'— D_a Vg V1V S [mVidec] DIBL | 5 [A]
Opl_gg Opl_gg (V] (Vps=1V) When [mV/V] From|pVp Curve
lem™] | lem™] (Ips=0.13mA) | (Vos=0.1V&IV) | (15=10°A) | (Vps=3V&Vs=3V)

(Vps=0.1V&1V)
8x10"" | 1x106° | -3t0 3 0.7838 84.69 19.11 0.00348
8x10"" | 5x10° | -3t0 3 0.858 84.34 18 0.00336
8x10"" | 1x10° | -3t0 3 1.017 83.979 13.67 0.00301
8x10'" | 5x10° | -3t0 3 1.063 83.83 9.67 0.0028
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Tablelll: Device parameters for body dopirégx 107 / cm? at different LDD.

BODY | LDD | Vg V1V S [mV/dec] DIBL |5 [A]

Doping | Doping | (v | y/p=1v) When [MVAV] | Froml pVp Curve
[em™] | [em™] (15s=0.13mA) | (VDs=0.IV&LV) | (Ip=10°A) | (Vps=3V&Vs=3V)

(V ps=0. 1V&1V)

6x107 | 1x10° | -3t0 3 0.6951 85.34 26.22 0.0038
6x10"" | 5x10° | -3t0 3 0.775 84.95 24 0.00368
6x10" | 1x10° | -3t0 3 0.8951 84.89 19.78 0.00332
6x10"" | 5x10°% | -3t0 3 0.9553 83.92 16.89 0.00309

Table|V: Device parameters for body dopirigx 1017 / cm? at different LDD.

BODY | LDD | Vg V1V S [mV/dec] DIBL |5 [A]
IE)opl_r;(?Jq IE)opl_r;(?Jq [V] (Vps=1V) When [MV/V] FromlpVp Curve
cm cm (Ips=0.13mA) | (Vos=0.1VELV) | (I5=10°A) | (Vps=3V&Ves=3V)
(V ps=0. 1V&1V)
4x10" | 1x10° | -3t0 3 0.5977 84.14 38.22 0.0042
4x10" | 5x10° | -3t0 3 0.6513 82.26 38.11 0.00408
4x10" | 1x10° | -3t0 3 0.7815 81.54 36 0.00371
4x10" | 5x10° | -3t0 3 0.8194 80.72 32.67 0.00346
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Table V: Device parameters for body dopirggx 1017 / cm? at different LDD.

BODY | LDD | Vg V1V S [mV/dec] DIBL |5 [A]

Doping | Doping | (v | y/p=1v) When [MVAV] | Froml pVp Curve
[em™] | [em™] (15s=0.13mA) | (VDs=0.IV&LV) | (Ip=10°A) | (Vps=3V&Vs=3V)

(V ps=0. 1V&1V)

2x10t" | 1x10° [ -3t0 3 0.4555 85.41 59.78 0.00476
2x10'" | 5x10° [ -3t0 3 0.5085 84.895 57.78 0.00464
2x10t" | 1x10° [ -3t0 3 0.5916 76.16 50.44 0.00425
2x10'" | 5x10° [ -3t0 3 0.6289 75.07 45.33 0.00397

Table VI: Device parameters for body dopirigx 107 / cm? at different LDD.

BODY | LDD | Vg V1V S [mV/dec] DIBL |5 [A]

Dopl_r;g Dopl_r;g V] (Vps=1V) When [mV/IV] FromlpVp Curve
Lem™=] 1 lem™] (Ips=0.13mA) | (Vos=0.IV&LV) | (Ip=10°A) | (Vps=3V&Vs=3V)

(V ps=0. 1V&1V)

1x107 | 1x10° | -3t0 3 0.3573 120.52 118.24 0.00516
1x107 | 5x10° | -3t0 3 0.3843 118.11 111.27 0.00505
1x107 | 1x10° | -3t0 3 0.4678 100.32 92.63 0.00463
1x107 | 5x10°% | -3t0 3 0.5095 95.53 68.92 0.00432
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Table VII: Device parameters for body dopirgyx 101¢ / cm? at different LDD.

BODY | LDD | V. V1V Simvidec] | DIBL [mv] |5 [A]
IE)C(:SI_Q? IE)C(:SI_Q? (V] (Vps=1V) YVhen (I p=10%A) FromlpVp Curve
(I5s=0.13mA) | (Vps=0.1V&1LV) | (v,=0.1V&1V) | (Vps=3V&Vs=3V)
8x10°® | 1x10° | -3t0 3 0.3357 132.28 135.36 5.26E-03
8x10® | 5x10° | -3t0 3 0.3598 131.10 124.54 5.15E-03
8x10° | 1x10° | -3t0 3 0.423 119.47 100.54 4.73E-03
8x10°® | 5x10° | -3t0 3 0.4566 105.44 88.32 4.41E-03

TableVIII: Device parameters for body dopirégx 10 / cm?® at different LDD.

BODY | LDD | Vg V1V Simvidec] | DIBL [mv] |5 [A]
'[DC‘;S'_QQ]J '[DC‘;S'_QQ]J V] (Vps=1V) When (Ip=10%) | FromlpVp Curve
(I ps=0.13mA) | (Vps=0.1V&1V) | (V(,=0.1V&1V) | (Vps=3V&Vss=3V)
6x10° | 1x10° | -3t0 3 0.3115 158.05 201.61 5.37E-03
6x10° | 5x10° | -3t0 3 0.3284 150.88 185.24 5.25E-03
6x10° | 1x10° | -3t0 3 0.3788 141.49 142.68 4.83E-03
6x10° | 5x10° | -3t0 3 0.408 129.95 119.67 4.51E-03
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Table | X: Device parameters for body dopirigx 106 / cm? at different LDD.

BODY | LDD | Vg V1V Simvidec] | DIBL [mv] |5 [A]
?:;E'_g? ?:;E'_g? [V] (Vps=1V) YVhen (I p=10°%A) FromlpVp Curve
(1ps=0.13mA) | (Vbs=0.1V&IV) | (vps=0.1V&1V) | (Vps=3V&Ves=3V)
4x10° | 1x10° | -3t0 3 0.2786 193.08 318.04 5.47E-03
4x10° | 5x10° | -3t0 3 0.2913 184.80 290.8 5.36E-03
4x10° | 1x10° [ -3t0 3 0.3305 162.77 226.72 4.93E-03
4x10° | 5x10° [ -3t0 3 0.3524 155.76 192.32 4.61E-03

Table X: Device parameters for body dopirggx 101¢ / cm? at different LDD.

BODY | LDD | Vg V1V Simvidec] | DIBL [mv] |5 [A]
?:;E'_g? ?:;E'_g? [V] (Vps=1V) When (I p=10°%A) FromlpVp Curve
(1 p<=0.13mA) (Vbs=0.1V&1V) | (Vps=0.1V&1V) | (Vps=3V&Vs=3V)
2x10°¢ | 1x10° | -3t0 3 0.2047 271.49 503 5.58E-03
2x10°¢ | 5x10° | -3t0 3 0.2217 245.07 469.14 5.46E-03
2x10°¢ | 1x10° | -3t0 3 0.2648 209.89 378.49 5.04E-03
2x10°¢ | 5x10° | -3t0 3 0.2872 192.07 327.214 4.72E-03

Table XI: Device parameters for body dopirigx 106 / cm? at different LDD.

BODY | LDD | Vg V1V Simvidec] | DIBL [mv] | 5 [A]
[[)C?E'_g? [[)C?E'_g? \Y (Vps=1V) When (Ip=10%A) | FromlpVp Curve
(I p<=0.13mA) (Vps=0.1V&1V) (Vps=0.1V&1V) | (Vps=3V&Vs=3V)
1x10° | 1x1G° | -3t0 3 0.1459 305.29 630 5.63E-03
1x10° | 5x10° | -3t0 3 0.1598 294.18 574.9 5.52E-03
1x10° | 1x10° | -3t0 3 0.2064 256.65 466.7 5.09E-03
1x10 | 5x10° | -3t0 3 0.2401 232.22 406.79 4.77E-03
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