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ABSTRACT

Leakage is a big challenge in planar bulk IGFET sub100nm technologies. The
research is focused on the development ofld0nm technology nMOSFET. Simulation

of the process is carried out using Silvaco TCAD tool in Athena Atlas framework to
modify physical values and obtain more accurate process parameters. Several type of
leakage in a short channel MOSFET has been investigated. The most common leakage
that generally occurs at sub-100nm technology MOSFETSs is subthreshold leakage and
gate tunneling.

Several advanced method such as lightly-doped drain (LDD), halo implant and
retrograde well have beeapplied to reduce the short channel effects. By device
simulation the electricatharacteristics have been obtained and further investigated
Several design analysis are performed to investigate thetieffieess of the advanced
method in order to prevent the variation of threshold voltage and short channel effect of a
MOSFET device.

Leakage reduction frorh.9x10° A to 4.36x10 A by using halo doping and retrograde

well doping has been achieved.

Further the MOSFET designed has been incorporated in an inverter circuit and simulated
with the help of MIXEDMODE of Silvaco. The results obtained have been compared
with the simulation results of same circuit on T-SPICE of Tanner by using 90nm BSIM
model. It has been obtained that the designed MOSFET is faster than BSIM model by
60%.
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CHAPTER 1
INTRODUCTION

J.E Lilienfield about 80 years ago patented itgt éver field effect transistor concept, named
“Method and Apparatus for Controlling Electric Cemts” which evolved into the modern metal
oxide semiconductor field effect transistor (MOSFKHIilienfield proposed a three terminal
device where the source to drain current is coletldby a field effect from the gate and is
dielectrically insulated from the device. The aetpart of the device was built on a thin

semiconductor film deposited on an insulator.

The first working MOSFET was discovered in 19dhe MOSFET continues to lead the
industry thereafter. The complementary MOSFET, CM@&&hnology is currently the driving

technology and have the largest market share ambkinds of transistors.

According to Moore’s law, Sir Gordon Moore prddicat the number of transistor is going in
the trend of doubling every two years. Thus wittrégasing numbers of transistor in a chip each
transistor size is decreasing geometrically, legqttinimproved performance. In order to continue
Moore’s law aggressive scaling in the last few gearenter into the nanometer range various
secondary effects such as threshold voltage vamiatirain induced barrier lowering, sub-
threshold swing, and current leakage comes indtugg. These short channel effects cause large
power dissipation and degraded performance of éwicd. At nanoscale short channel effects
are accounted by introducing standard process stggs source/drain doping, halo doping and
retrograde well doping in the channel of MOSFET.tAs dimension of MOSFET continue to
decrease the effect of process induced stresseodetvice performance become more important
then before. Besides scaling, some of the innogatiobility enhancement techniques are used

to improve CMOS performance.
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Fig.1.1 Cross section View of MOSFET]]

1.1 Need for Low Power:

Operation of vacuum tubes required several hundoéid of anode voltage and few watts power.
In comparison the transistor required milliwattspofwer. Since the invention of the transistor
decades ago, power dissipation is though not éntgeored, was of a little concern. The greater
emphasis was on performance and miniaturizatiompliégtion powered by battery pocket
calculators, mobile phone. Hearing aids, portabléitary equipments and wrist watches
demands low power electronics. In all the applaait is important to prolonged the battery life
as much as possible. And now with the portable agimg and wireless communication power
dissipation has become the most important factorth@ continued development of the

microelectronics technology.

In recent years, the demand for power sensitiggdse has grown significantly due to the fast
growth of battery-operated portable applications.the technology scaling continues unabated,
subthreshold device design has gained a lot ohtatte due to the low-power and ultra-low-
power consumption in various applications. Desighow-power high-performance submicron
and deep submicron CMOS devices and circuits ig &hmllenge. Metal-Oxide-Semiconductor
Field-Effect-Transistor (MOSFET) has been the mdpmrice for integrated circuits over the past
two decades. With technology advancement and tgke scalability of the device structure,
silicon MOSFET-based VLSI circuits have continuallglivered performance gain and/or cost

reduction to semiconductor chips for data procgssind memory functions. Metal-Oxide-
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Semiconductor Field-Effect-Transistor (MOSFET) Hsmen the major device for integrated
circuits over the past two decades. With technoladyancement and the high scalability of the
device structure, silicon MOSFET-based VLSI cirsthiave continually delivered performance
gain and/or cost reduction to semiconductor chgrsdfita processing and memory functions.
Design of low-power high-performance CMOS devicesl &ircuits is a big challengehe
process parameters in low power design are chalemgth, oxide thickness, threshold voltage,
and doping concentration in the channAdk the technology is scaled down, process paemet
variations have become severe problem for low-payesign. The low-power design technique
should be such that it is less sensitive to thegs® parameter variations. As technology scales
down, the variations of these process paramete¥seapected to be significant in future
generations. The variation of leakage power anayd@l the transistors on a given die are
different for different low-power design techniqu@e role of threshold voltage Y has
become increasingly important with VLSI applicasoemphasizing on low-voltage, low-power,
and high-speed design. Short-channel effect isjarmohallenge for scaling the gate length down
and below 0.1jum.[6]

1.2 Objective:

The main objective of the project is to developOamr@ n-channel (NMOS) MOSFET for low
power application. Many design aspects has to msidered when the MOSFET device is
scaled down into deep submicron regime. Shaheél effects that will appear whenever the
MOSFET device is scaled down and gate oxide hasetthin enough to increase the device
performance. There were several advanced fabncgtimcesses is applied to the QuiB
MOSFET design such as halo implant for the puncbtiiph stopper, light doped drain (LDD) to
avoid hot electron and retrograde well to supprbgs parasitic bipolar devices (latch up
immunity). Therefore, the summary of objectives aimds of this project are:

To apply 90nm process to fabricate NMOSFET and ttwlys the effects on device

performance.

To study the factors that caused the variatiomadghold voltage.

To study the effectiveness of advanced techniquepreventing threshold voltage

variation.

To reduce the short channel effects of a deep-sartbmievice.



To be exposed to MOSFET design procedures and wboeldble to reinforce the

understanding of MOSFET devices by participatinthe device design process.

1.3 Thesis Organization:

The integration of a new manufacturing process ftas been implemented through the design
of 90nm MOSFET device. The remainder of this thelgscribes the challenges facing device
design in the deep sub-micron region, paying spetigntion to those that have the most
relevance for the rest of this thesis: short chhaffects. Device design considerations such as

channel, halo and retrograde well doping are thheegmted.

Chap-2 (literature survey) discussed the fundanhesftdong and short channel MOSFET,
limitations of long channel MOSFET, various typeledkage mechanisms and there reduction

techniques.

In chap-3 all the processing steps necessary tgrdése structure of a NMOS and advanced

techniques used have been discussed.

Chap-4 discussed simulation of the nMOS device iobthfrom the Silvaco TCAD tool in
Athena framework. All types of simulation have betne on the device and finally leakage
reduction has been discussed, this chapter alsosdied about the mixed mode simulator and

works done on this to simulate the NMOS.



CHAPTER 2
LITERATURE SURVEY

2.1 MOSFET and Scaling

From past decades, the MOSFET has continually bealed down in size, typical MOSFET
channel lengths were several micrometers, but tedaghnologies are dealing MOSFETSs with
channel lengths of the order of nanometer. The lpnad with decreasing the size of the
MOSFET have been related with the semiconductoicddabrication process.
Smaller MOSFETSs are desirable three main reasons.

1. Smaller MOSFETSs allow more current to pass, becafidee low resistance.

2. Smaller MOSFETSs have smaller gates, and thus |gater capacitance.
These two factors provide lower switching times] ¢hus higher speeds.

3. One more reason is that, smaller MOSFETs can bkedamore densely, resulting in
chips with more computing power in the same ar@zceSthe cost of chips depends on
the number of chips per wafer, that third reasanase important for scaling.

The scaling theory, based orc@nstant electric-fieldin which the electric field and shape will
remain same, requiressy Vi, L, Tox to be scaled down by a fix scaling factor. Theidgpevel

in the channel must be scaled up by the same fet@. The junction depth of source and drain
also needs to be scaled down to suppress the diemtiel effect. Fig. 2.1 shows the cross

section of original and scaled NMOS transistor[1].

Original device Scaled device

(i;ll::i tox/k
v vk
| | L B e TR
.XI n T n i ‘ln. n jf-'\ T‘\ n T .
. - "T" 7, ~drain_~ / R S
S oo WS o]

. e Lk
|"_"'l | doping k Na

P substrate, doping
Fig 2.1 constant-electric-field scaling[1]




The constant field scaling presents some problasishe weak inversion width does not scale
and established chip interface requires the voltagels are fixed, and cannot be scaled. The
rules followed in such cases are referred teasstant voltage scalingn which W, L, N, are
scaled by the same factor, but if thg iE scaled then electric field become too high bseahe
voltage is not scaled making a critical problem fitybdegradation.

To avoid extreme cases of constant field andtenhsoltage scaling compromise scaling rules
have been proposed [2]. In which all the factors amot scaled by same factor but some

adjustment have been introduced.

2.2 Limitations of the Long Channel Analysis

The channel lengths of the first commercial MOSER/Ere more than 2@n. These MOSFETS

are modeled by the long-channel theory with itsceasive approximations and the resulting
nonphysical consequences (such as infinite cavakcities near the drain). The long channel
theory says drain currents to increase with inéngadrain voltages (when the applied gate
voltage is higher than the drain voltage) as mobléetrons in the channel move faster in the
increasing field along the channel. According tis theory, sufficiently high drain voltages lead
to a “pinch-off” condition, in which the channel bite-carrier density becomes zero near the
drain. The channel current must, however, be cahstad therefore the pinch-off condition

requires an infinite carrier velocity to maintaincanstant current with a vanishing carrier

velocity.

2.2.1 Threshold Voltage and Threshold voltage adjiis

The Threshold voltage of a uniformly doped and lohgnnel MOS can be expressed by[3]

H'FT-:un:fcu:"mdnp:ng. longchannel) = Bme — :::Qtnc.-"rcnr{:' + zx'IKszEﬂ-qNSUEQE [Cox+ 20g......... (1)

where g, .= work function difference between metal-semiconduc
Ki= Dielectric constant of Silicon
Nug= Substrate concentration
Cox= Oxide capacitance

Q= total charge on oxide



This equation contains of work function differeriween gate and semiconductqy,., oxide

charges and traps, In which mobile ionic charg&sgdfoxide charges, interface trapped charges,
oxide trapped charges are included.
According to the above equation the only strongdazate to control the  is \/N_ ., in a

ub’
manner that by increasing the substrate doing &serd4, because all the other terms are only
affect the \f a little bit. The Fig. 2.2 shows the variations\vaf with Ns,p N0 adjustment implant

were used.
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Fig. 2.2 \f of n-MOS & p-MOS with Ny, for different Tox [3]

The development of Madjustment removed the last obstacle to relialbdyrction of n-channel
devices for MOS ICs. That is implantation can bedusither increase or decrease the net dopant
concentration near the surface and@ah now be set by the-ddjustment implant process. [3]

As mentioned earlier, theddjustment implant techniques involve the implaataof Boron,
Phosphorous or Arsenic ions in to the regions urttler gate oxide of MOSFET. Boron
implantation produces the positive shift in While Arsenic and Phosphorous produce negative
shift [3].

To first order, if the implant and substrate air¢he same type, and effective depth of implant

Xj is less then ghy, the threshold voltage shift can be well estimatgd b



Where D= implantation dose for Madjust

A more exact formula for calculating the W this case is [3]

VT monuniform doping, long channell = Veg +qD;/Cox + -"':':\ Zog +q Dy 2K a0 /Gy + 20 (3)
Where Y. = (v 2q kg 25Na) /Cox
i X effective implant depth.

The \, adjust implant is often done through an oxide lajiéne implant energy is selected to
select the peak of the implant slightly below tixéde—silicon interface.

Fig. 2.3 shows the distribution of dopant atonmsrfra typical implant as a function of depth in
to wafer. After the implant the atoms are distrdalitas a Gaussian profile. The implant
concentration is.[3]

rf
N X— RF

—exp[— -

A A pe
_'RF\E:‘T 2_'?;5

N: =

Wherey = no. of implanted atoms/area
Rp = average distance an implanted atoms penetrat¢hia solid

After activation anneal, the implanted distributlsecomes slightly broader as shown by the
dash curve.

Calculating the effect of this implant orr Ms greatly simplified by approximating the actual
distribution via a box distribution as shown. Iniafhthe implanted dopant is assumed to have a
constant density Nand depth x Fig. 2.4 shows the variation of threshold voltagg implant
depth x, we can see that)\Moes not change asvaries.
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Fig. 2.3 Distribution of implanted dopant (solid)mediately after the implant, and after the aciigat
anneal and diffusions (dashed).[4]

The effective concentration is given by [3]:

. o P Ng ‘;1 ! Ng 0 2
Noo= N2 Za Ba g Ba % 5
erj o @0; [ '\':4. + '\':4. ,\‘II + _\_:4 I: @; j] ------------------------------------------- ( )

Where @, = kT /q[In (N, N,/n?)]
@, =qNyx; [2k; e,
N, = Bulk concentration
N = concentration aftémplantation dose.
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2.3 Short Channel Device and Effects

“When the length of a MOSFET approaches of the oafesource/drain junction depletion-
region width, then the MOSFET is short channel MEBE
The term short-channel effects are referringettoadary effects such as mobility degradation
and velocity saturation, both of which also oceulong channel devices.
The short-channel effects are attributed to twosptal phenomena:
1. The limitation imposed on electron drift characgas in the channel,
2. The modification of the threshold voltage due te shortening channel length.
In particular four different short-channel effectn be distinguished:
1. Surface scattering
2. Velocity saturation
3. Impact ionization
4

. Hot electrons

2.3.1 Surface scattering

As the channel length becomes smaller due tdatieeal extension of the depletion layer into
the channel region, the longitudinal electric fieldmponentE, increases, and the surface
mobility becomes field-dependent. Since the catri@nsport in a MOSFET is confined within

the narrow inversion layer, and tearface scattering [2]that is the collisions suffered by the

10



electrons that are accelerated toward the intergc,) causes reduction of the mobility, the
electrons move with great difficulty parallel teetinterface, so that the average surface mobility,

even for small values &y, is about half as much as that of the bulk mapbilit

2.3.2 Velocity saturation

The performance of short-channel device is alsectdtl byvelocity saturation [2] which
reduces the transconductance in the saturation madew E,, the electron drift velocityge in

the channel varies linearly with the electric fiehdensity. However, agy increases above the
critical electric field, the drift velocity tends increase more slowly, and approaches a saturation
value. Note that the drain current is limited byoegy saturation instead of pinch-off. This
occurs in short channel devices when the dimensaesscaled without lowering the bias

voltages. Using ¥4sat), the maximum gain possible for a MOSFET cauddfined as

Bm = W Cox Vde(Sat) ettt et s e (6)

Om = Transconductance gain
W = Width

Cox = Oxide capacitance

2.3.3 Impact ionization

Another undesirable short-channel effect, esflgdaima NMOS, occurs due to the high velocity
of electrons in presence of high longitudinal feethiat can generate electron-hole (e-h) pairs by
impact ionization [2] that is, by impacting on silicon atoms and iamizithem. It happens as
follow: normally, most of the electrons are attesttby the drain, while the holes enter the
substrate to form part of the parasitic substrateent. Moreover, the region between the source
and the drain can act like the base of an n-pimsiséor, with the source playing the role of the
emitter and the drain that of the collector. If thierementioned holes are collected by the
source, and the corresponding hole current creat@itage drop in the substrate material of the
order of 0.6V, the normally reversed-biased substsaurce p-n junction will conduct
appreciably. Then electrons can be injected from gburce to the substrate, similar to the

11



injection of electrons from the emitter to the baBleey can gain enough energy as they travel
toward the drain to create new e-h pairs. The sdnacan worsen if some electrons generated
due to high fields escape the drain field to traweb the substrate, thereby affecting other

devices on a chip.

2.3.4 Hot electrons

Another problem, related to high electric fieldscaused by so-calldwbt electronsThese high
energy electrons can enter the oxide, where thaybeatrappedgiving rise to oxide charging
that can accumulate with time and degrade the d@adormance by increasingT and affect

adversely the gate’s control on the draimrent [2].

2.4 Transistor Leakage Mechanisms

Reduction of Feature size in MOSFETSs is the kay f@athe continuation of Moore's law. Just
as significant as channel length gleeduction has been the shrinking of the gate eXayer
thickness (Ty). [1]

In long channel devices there are fewer problemsstimation of leakage power but as the
technology are scaled down the leakage curreneases drastically. In Short channel MOS
devices the leakage currents are in the followorgik, as shown in fig. 2.5

1. PN-junction reverse-Bias current)(l

2. Subthreshold leakage or Weak inversioh.(l
3. Drain induced barrier loweringjl

4. Punch-through §)

5. Effect of channel length

6. Gate oxide tunneling4]1s)

12



Gate
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Fig. 2.5Summary of leakage current mechanisms of deep-submiransistors.[1]

2.4.1 Band to band tunneling

When a high electric field is applied across iteerse-biased p-n junction then a significant
current to is flowing through the junction due tmneling of electrons. Which is from valence
band of the p type to the conduction band of thgpe, as shown in Fig. 2.6.. From figure it is

clear that for the tunneling to occur, the totdtage drop across the junction has to be more than

Ec
\ qVui

the band gap.

E. ® - . qVapp
—— Ec
P-Side
Ex
N-Side

Fig. 2.6 BTBT in Reverse biased p-n junction[1]
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2.4.2 Subthreshold leakage

When the gate voltage is below,¥h a MOS transistor the subthreshold conductiorretur
flow between source and draBupply voltage is made scale down in order to kbeppower
consumption low. Hence, the transistor threshollfage has to be scaled to maintain a high
drive current and achieve performance improvemeotvever the threshold voltage scaling
results in substantial increase in the subthreshotdent the weak inversion region is seen in
Fig. 2.7, as the linear region of the curve (seqipdot). In the weak inversion, the minority

carrier concentration is small, but not zero[1].

1E-02

1E-03 |
1E-04 |
(A) 1E-05 |
1E-06 |

1E-07 +

1E-08

1E-09 lore = 398 pA =20 pA/um @ (Vp=2.5V)

1E-10 L________ = 80.7 pA = 4 pA/um @ (Vp=0.1V)

1E-11

1E-12 1

1E-13 ,

1E-14-.-E-.-:-.-:-.-:-.-:-.-:
0.5 0 0.5 1 1.5 2 25

Ve (V)

Fig. 2.7 log(l4 ) versusVs at two different drain voltages for 0.35 micron CB@rocess [1]

Let us consider that the source of the n-chan@BMET is grounded, , and the drain to source
voltage \js for such weak inversion condition, drops almodirely across the reverse-biased
substrate-drain p-n junction. The variation of giedield component along the channel is small,
and the flow of current is due to the diffusionheat than drifts. The weak inversion current can

be expressed based on the following [1]

1 r 1 -
[Fg-VFenl U

X ?(m —1)(v,)" X e m tx (1= € ¥t Yoo (7)

I..= uC

ds 0-ox
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Cam
Where m =1+ ;‘"' =14 —==

o Wam
Cyqm = capacitance of depletion layer
u, = Mobility
“I oris influenced by the threshold voltage, channebp@® dimensions, channel/surface doping

profile, drain/source junction depth, gate oxideckmess, and p “.

2.4.2a Subthreshold Slope

“Subthreshold slope indicates how effectively thadistor can be turned off (rate of decrease
of lorf) when \sis decreased belown.

In long-channel devices, the subthreshold ctinemdependent of the drain voltage fogsV
larger than a few ¥ On the other hand, the dependence on the gati@geoils exponential, as
illustrated in Fig.(6). The inverse of the slopetloé logo(las) versus s characteristic is called
the subthreshold slope$L].

‘S't _ (d'i]'ﬂg'ifds:':')—l — 273

d Vgs q

_ 2.3%’"(1 + ‘fc—)

As the device dimension and supply voltage areesdalwn to enhance performance power
efficiency, and reliability, subthreshold charadtes may limit the scalability of the supply
voltage. The parameter is measured in m-V/decadseddrain current. Typical values for a bulk
CMOS process can range from 70 to 120 mV/decadsarSbe made smaller by using a thinner
oxide (insulator) layer to reduceylor a lower substrate doping concentration (resylith larger
Wam)- [1]

2.4.3 Drain Induced Barrier Lowering

DIBL occurs when the depletion region of the draiteracts with the source depletion region
and lowers the source potential barrier a smalteriiris flow between the source and drain
without any gate voltage. Therefore, the threshaliage, and consequently the sub-threshold

current of short-channel devices, varies with trardbias. This effect is known as DIBL. For a
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long-channel device, the barrier height is mainbnteolled by the gate voltage and is not
sensitive. However, the barrier of a short-chardelice reduces with an increase in the drain
voltage, which in turn increases the sub-threslkealdent due to lower threshold voltage. DIBL
is increase at high ¢ and shorter L. The surface DIBL occurs before the deep bulk punc
through. Higher surface and channel doping and@hkaource/drain junction depths reduce the

DIBL effect on the sub-threshold leakage curreht [1

1E-02 - V=40V
1E-03 | =

Vp=01V
D 41E-04

(A) 1E-05 |
1E-06 -
1E-07 -

1E-08 -

1E-09 -

1E-10 -

1E-11
Weak Inversion
&
Junction Leakage

1E-12 -
1E-13

1E-14 — } M E— A } } b } |
0.5 0 0.5 1 1.5 2
Ve (V)
Fig. 2.8 n-channeljlvs. Vg, showing DIBL, GIDL, weak inversion, and p-n juncticeverse-bias
leakage components [1]

2.4.4 Punchthrough

When drain and source depletion region approach ether and electrically touch, then bulk
Punchthrough occurs. Punchthrough is a conditiowhith the channel is exists deep into the
body region, Punchthrough current varies with drailtage and Sncreases. In sub-micrometer
MOSFETSs, a ¥, adjust implant is used to have a higher dopinthatsurface than that in the
bulk. This causes a greater expansion of the depletgion below the surface (due to smaller
doping there) as compared to the surface. Thuguhehthrough occurs below the surface[].
V characteristics of a MOSFET with punchthroughegitbelow [2].
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Fig. 2.9Typical -V 4s characteristics with punchthrough problems [2]

2.4.5 Effect of Channel Length (}, Roll-off )

Threshold voltage of MOSFET decreases as the chdength is reduced. Reduction of
threshold voltage with reduction of channel lengttknown as roll-off, As shown in the fig.
2.10. The principal reason behind this effect esghesence of 2-D field patterns in short-channel
devices instead of one-dimensional (1-D) field gras in long-channel devices [1].

— Vi =low
Vth / )

Channel Length —»
Fig. 2.10 Threshold voltage Roll-off with changectmannel length [1]

When the channel length is decreases the area thelgate is decrease and hence less number
of chare are required to neutralize the charge utite gate, and hence less gate voltage is
required in short channel devices andW decrease according to Fig.2,Tithis reduction in Y
increased the subthreshold leakage.
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2.4.6 Gate Current

Reduction of gate oxide thickness results in amei@se in the field across the oxide. The high
electric field coupled with low oxide thickness uls in tunneling of electrons. This is from
substrate to gate and from gate to substrate thrthugy gate oxide, resulting in the gate oxide

tunneling current.

=1
-

n+ poly-silicon

e+ poly -s1licon p snbssrrane E,

P sunbsIrare

p substrate

n+ |'|;'||-. silivon

Fig. 2.11 Tunneling of electrons through an MO Sacitor [1]

let us consider an MOS capacitor with a heavdpetl n+-type polysilicon gate and a p-type
substrate. Also, for simplicity, let us now focuslyoon the electron tunneling. An energy-band
diagram in flat-band condition is shown in Fig. Pal where 1,4 is the Si-SiQ interface barrier
height for electrons. When a positive bias is aguplto the gate, the energy-band diagram
becomes as given in Fig. 2.11b. Due to the smadleothickness, which results in a small width
of the potential barrier, the electrons at thersitp inverted surface can tunnel into or through
the SiQ layer and hence give rise to the gate currenth@mther hand, if a negative gate bias is
applied, electrons from the n+ polysilicon can telnnto or through the oxide layer and give rise
to the gate current [see Fig. 2.11c]. The tunnepngpability of an electron depends on the
thickness of the barrier, the barrier height, dreddtructure of the barrier [1].

The mechanism of tunneling between substrate atel gplysilicon can be primarily divided

into two parts, namely:

2.4.6a Fowler—Nordheim Tunneling

In FN tunneling, electrons tunnel into the conduttband of the oxide layer. Fig. 2.12 shows
the FN tunneling of electrons from the invertedfacte to the gate The FN current equation
represents the tunneling through the triangulaemdl barrier and is valid for y>11o, Where

Vox IS the voltage drop across the oxide

18



2.4.6b Direct Tunneling

In very thin oxide layers (less than 3—4 nm), elats from the inverted silicon surface, instead
of tunneling into the conduction band of $idirectly tunnel to the gate through the forbidden

energy gap of the Sidayer.

dox . e_-tux i~
) :'/{I-'.c dox | \ J: Vs
Vex ‘Ev Ec N S PN 1
Ef . Ec-Ef
Ec Ev h k Ev
Ev—"] P-Si n+ poly
Vox \
L5105
Fig. 2.12 FN Tunneling of electrons[1] Fig. 2.13 Direct tunneling of electron.

The direct tunneling phenomenon is explainedriogn 2.13. In the case of direct tunneling,
electrons tunnel through a trapezoidal potentiati®ainstead of a triangular potential barrier.

Hence, the direct tunneling occurs ak ¥ [ox[1]

2.5 Solution to Short Channel effects

There are several advanced fabrication technique bea applied to suppress the channel
effects. In the following subsection, the solutimigounch-through effects (retrograde well and

halo implant) and hot electron effects (light-doiedin) will be discussed.

2.5.1 Channel Engineering

To maintain acceptable off-state leakage with cwaily decreasing channel lengths will
require that channel doping levels increase toebfise degradation in short channel effects for
extremely small devices. Although both vertical dat#ral channel engineering can be used to

improve degradation due to these effects.
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2.5.1a Retrograde Channel doping

Retrograde channel doping is a form of verticalncteh engineering. It is used to improve short
channel effects and to increase surface channellitpoby creating a low surface channel
concentration followed by a highly doped subsurfiaggon.

The low surface concentration increases surfacenobh mobility by minimizing channel
impurity scattering while the highly doped subsoefaegion acts as a barrier against punch-
through [1].

To be effective, the retrograde depth should ttemmsifrom a low to high concentration very
quickly. As source/drain junction depths are scallee retrograde well depth also be scaled. Fig.
2.14 shows a schematic band-bending diagram atthteshold condition of an extreme
retrograde profile with an undoped surface layethafkness. For the same gate depletion width,
the surface electric field and the total deplettbarge of an extreme retrograde channel is one-
half that of a uniformly doped channel. This redudbe threshold voltage and improves
mobility. Retrograde channel doping allows the shi@d voltage to be decoupled from the gate-
controlled depletion width. However, the body effecefficient and the subthreshold slope are

still coupled to the gate depletion width.

Oxide | Silicon

F R .

' —— [ 11 Ta 1y
' — Retrograde

( J— .
Xs = Wim
Fig. 2.14Band diagrams (shown on top) at the threshold ¢immdior a uniformly doped and an extreme
retrograde-doped channel (doping profiles showro#tbm)[1]
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2.5.1b Halo Doping

The use of halo/pocket implants is another chaengineering technique that can improve

short channel effects and thereby control the tioiglsvoltage roll-off.

Retrograde ———g

v—-'\ Super-halo

m# dramm

I source

Threshold voliage ——p

Halo doping

Channel length B
Fig. 2.15. Halo doping [1] Fig. 2.16. Short-channel threshabttage roll-off
for retrograde an super-halo [1]

Halo doping or non uniform channel profile in a@eral direction was introduced below
0.25micron technology node to provide another waydantrol the dependence of threshold
voltage on channel length [1]. For n-channel MOS§EmMore highly p-doped regions are
introduced near the two ends of the channel whecluces the charge-sharing effects from the
source and drain fields. As the channel lengtediced, these highly doped regions consume a
larger fraction of the total channel. Reductioncbfrge-sharing effects reduces the threshold
voltage reduction due to channel length reducfidrus, threshold voltage becomes more almost
independence on channel length Fig. 2.16. Henee,officurrent becomes less sensitive to

channel length variation [1].

2.5.2 Source/Drain Engineering

The channel doping profile is not the only thingorntant for device performance. The doping
profile in the source/drain region can also hapeaiound impact on short channel effects. As a
result, considerable effort has been put into fhtérozation of the source/drain doping by the

semiconductor industry.

2.5.2a Source/Drain Extension (Light Doped Drain)

The shallow source/drain extension is a commoniyndbfeature in modern MOS device designs.
The shallow source/drain extension was originaltyaduced to relieve high electric fields and the
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resulting breakdown of the device due to hot eteceffects; for modern high performance devices
however, the source/drain extension is motivatedenty the trade-offs between short channel

effects and source/drain resistance.

Short channel effects improve with decreasing jonctdepths in the source/drain region.
However, shallow source/drain junctions would lgadhigh extrinsic resistances, which is
detrimental to performance. The source/drain ext@ngresents a shallow effective source/drain
junction to the channel region, while at the sammeet minimizes the contribution of the
source/drain region to extrinsic resistance throighpresence of the deep source/drain region.

The main objective of LDD extensions is
* To reduce the drain electric field by a lower dopconcentration than in the S/D regions

and/or

* To separate the location of the maximum eledieid and the maximum current flow in order
to

reduce hot carrier effects

2.5.3 Reducing the gate oxide thickness

On the device front, maintaining good device aspatb, by scaling gate oxide thickness is
important for controlling short channel effects.tiMihe silicon dioxide gate dielectric thickness
approaching scaling limits due to rapid increas@ate tunneling leakage current, researchers
have been exploring several alternatives, includivguse of high permittivity gate dielectric,

metal gate and novel device structures
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CHAPTER 3
PROCESS SIMULATION

3.1 Process Simulation

Process simulation involves the modeling of phaisprocesses with the aim of studying their
effects on the external environment and the objiwyg are applied to. These processes usually
involve the interaction between two or more systedPnecess simulation comprises the modeling
of all process steps which are necessary for thacttion of semiconductor devices. These

process steps are layer depositichography etching implantation oxidation and diffusion.

The process simulation uses Athena (module of &VECAD Tool [Appendix]) as a simulator
that provides general capabilities for numericlygically-based, two-dimensional simulation of

semiconductor processing.

Table 3.1 SHOWS the standard values used in treepscsimulation 90nm process.
Table 3.1 B=>Boron, As=>Arsenic, P=>Phosphorous, E=>Energy

Process Value

Initial substrate P=1.0el14 ¢in
Orientation= <100>

Retrograde well B=1E13 ch,
E=250 KeV

Gate Oxide 20A

V., adjust implant B=4.9E13 cih,
E=29 KeV

Polysilicon Deposition 100nm

Source/Drain Extension(LDD) As= 2.6e12 tm
E=13.01 KeV

Halo implant B=5.0e12 cih
E=30 KeV
Tilt=60°, fullrotat

Spacer deposition 100nm

Source/Drain As=1e16 cth
E=5 KeV

Final Rapid thermal Anneal(RTA) 10%0/3 sec.
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In process simulation, the result of an implantatgiep is mostly described by a so-called
Pearson function whereas the diffusion equaticoiged to derive the influence of an annealing

step.Fig. 3.1 illustrates the overview of process sirtiata

( ¥
N-Type Substrate CVD Polysilicon Deposition
Smooth Oxide Layer Gate Definition
P-Well Implant Lightly Doped Source/Drain
Retrcrgrade well Implantation
Well Oxidation .
Halo implant
Welldrive Spacer Formation
Remove Oxide Heavily Doped Source/Drain
X Implantation
Sacrificial Cleaning Source/Drain Diffusion
Field Implant Contact Openings
Regrow Thin Gate Oxide Metal Deposition
Boron Threshold-Adjustment Pattern And Etch Metal CVD
Implant Oxide Passivation Layer
L J +
Open Bonding Pads

Fig. 3.1 Basic NMOS fabrication flow chart

The above flow chart describe the processing dtepé$abricating the NMOS on Athena, in the
first step N-type substrate has been used of atientof <100> and phosphorous is used. Then

smoothing of silicon substrate is done by the dtygen in the presence of HCI. Now P-Well
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implant is introduced in to the initial substratedat is oxidized with wet-oxygen, in the P-Well
implantation the nature of the P-Well is made mptade by using energy variation from top to
bottom deep in to the bulk. Now well drive is udéds step is essential in the preparation of the
p-well before further fabrication procedures arefggened on this region. More diffusion steps
are performed here with varying temperatures, teatpee change rates and processing
environments. The presence of nitrogen in a diffusstep provides an inert environment for
diffusion cause no oxide to generate on the sulestiiéhis process is called anneal. It is then
necessary to etch the present oxide from the fibgty provide a surface to begin the process of
defining the physical MOSFET features. The lagh sé&en ready the substrate before beginning
the processes to develop the physical structureh@fMOSFET is to perform a sacrificial
cleaning. This process requires oxidation and ttienremoval of the oxide produced. The
oxygen in the oxidation step reacts with the swfadicon forming SiQ before it is etched
away. As a result, a thin layer of the substrateeisoved. This process ensures that the surface
substrate layer is free from damage from previausgss steps. Then gate oxide if grown with
the help of dry oxygen, The thickness of this oxiager can be varied by changing the time,
temperature or type of the oxidation. Thep adjust implant is performed for adjusting the
threshold voltage boron is is used for this purp&®y has been doped on the surface and then
etched away to define the physical gate lengthnTg@y oxidation and LDD is implanted by
arsenic. Before using spacer halo pockets have b#sduced near the S/D region of the
channel by using some angle this is used for leakaduction. An oxide spacer is then formed
to provide a barrier of isolation and to aide ittg@aning for the

next implantation. The heavy drain/source can theemmplanted in the same fashion as the light
drain/source. This heavily doped region is severders of magnitude greater than the lightly
doped region. It is then necessary to diffuse #ely created drain/source. This process is done
in an inert environment (anneal) to avoid unwanteactions. The next step in this process
requires etching the oxide layer above the draimtso region, this is the contact opening.

Aluminum is used for the metal deposition.

The 90nm n-channel MOSFET (NMOS) was designedsasface channel, which is situated on
its p-well. All the physical parameters were tunedchieve the 90nm actual channel MOSFET

design specifications according to ITRS roadmap.
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We start with the cleaned, lightly doped silicarbstrate (boron, concentration3@m? for
nMOS).

ATHEMA
Data from tpvi03408

15
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12

1
o 0.1 0.z 0.3 0.4 0.5 0.6 or 0.8

Distance along line

Fig. 3.2. Substrate Doping Concentration
The next step is implantation of Boron to creatp-aell (excess holes) in the substrate. A
NMOS transistor must be developed in p-type silibesause this material under the gate must
be inverted fig 3.3.
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Fig. 3.3 Retrograde P-Well for nMOS (doping corcaion)
The gate oxide is then deposited on the subdtsatieposition commands. The thickness of this

oxide layer can be varied by changing the time ptenature or type of the oxidation. 3.4.
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Fig.3.4 Gate oxide deposition after etching of paidle.
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Boron is then implanted through the gate oxide sin@lar fashion as the previous p-well
implant was performed, this is called &just implant. The concentration of the mateatathe
surface adjust the\@f the MOSFET (Fig.3.5)

The next step in the MOSFET fabrication is theadggoon of Polysilicon. This material will be
used to create the gate of the MOSFET, and thenedfe gate through patterning and etching.
The implantation of the light drain/source is thparformed. This implantation is, again,
performed through a deposited oxide layer. A haiplant has been performed after the LDD
implantation to produce a highly p-doped regionrrtka source/drainAn oxide spacer is then
formed to provide a barrier of isolation and toeaid patterning for theext implantation as in
Fig 3.6. The heavy drain/source can then be imethnth the same fashion as the light
drain/source. This heavily doped region is severders of magnitude greater than the lightly

doped region. as in fig 3.9.
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Fig.3.5 Structure after djust implan{doping concentration)
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Fig. 3.6 MOSFET structure after poly, spacer arld Haping
After all the the processing steps without halo agitiograde techniques the NMOS is given
below (fig. 3.10), the final NMOS with halo andnegrade well is given in the next chapter.
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Fig 3.7 Structure after heavy S/D implantation
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Fig. 3.8 MOSFET structure after all the processitap without halo doping and retrograde well.
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CHAPTER 4
RESULTS AND CONCLUSION

4.1 Results and Discussion

After all the processing steps of the NMOS fabraatand introducing the halo and retrograde

doping the final device is given below in fig. 4.1.
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4.1 Final Structure of MOS with all the advandalrication techniques

This device is simulated on Silvaco-Atlas (modoieSilvaco[Appendix]) and its characteristics
has been analyzed and given below. Device simulagoapplied to calculate the electrical
behavior of semiconductor devices. The informatbout device geometry and the local dopant
concentrations must be given by some kind of solidleling or full process simulation.

The log plot d — Vgs characteristics is given below in Fig. 4.1, frdme graph the subthreshold
leakage obtained is 1.9x1@.
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Fig. 4.2. | — Vg characteristics of 90nm n-channel NMOS (semilog)

The device has been simulated also by introdudieg¢trograde well in to the NMOS and the

leakage has been reducing uflt@7x10" A. The b-Vgs graph given below.
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Fig. 4.3. } — Vgs characteristics of 90nm n-channel NMOS with retaolg well implant (semilog)

The device has been simulated also by introduttiaghalo doping and Retrograde well in the
channel region of nMOS and the leakage has beerceadp t04.36x10" A. The b-Vgs graph
with the halo doping and retrograde well is givetolw in Fig. 4.4.
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Fig.4.4 |, — Vg characteristics of 90nm n-channel MOS with hald estrograde techniques
(semilog)

Table 4.1 Leakage current in the NMOS after applying ladl process level techniques.

Process techniques emplpoyed| Leakage observed/lq#(UA/NA)
(in Ampere)

Simple NMOS fabrication. 1.90x10 5.26

Retrograde well. 1.27x10 78.50
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Retrograde well, halo doping.

4.36%%0

1146.78

The - Vg¢s characteristics are given below in Fig 4.5.
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The - Vs Characteristicafter using the entire advanced techniques like, tatrograde, LDD.
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4.2 Resistive Load Inverter

The above designed nMOSFET is incorporated in rémstive load inverter circuit and

simulated on MIXEDMODE simulator [Appendix] of Séde¢o. Results have been verified with
the simulation results of same circuit on T-SPIGEha same technology using BSIM model for
NMOSFET. The voltage transfer characteristics sisteve load inverter on both the tool is given

below.
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Fig. 4.6 Voltage Transfer characteristics of a Res load Inverter with 90nm n-channel NMOS on
(2)MIXEDMODE (b) T-SPICE

The transient analysis also has been done andoagmton delay of 0.02 ns is obtained on

mixed mode. The comparison result on both tooldeas given below.
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4.3 Variation of individual parameter

Several design analysis are performed to invdstite effectiveness of advanced method to prevent

the varying of the threshold voltage. These analgse discussed in the following subsection.

4.3.1 Effect of the gate oxide thickness on thiereshold voltage

Fig. 4.8 presents the influence of a change ia gaide thickness on the main transistor parameters
(threshold voltage) and is expressed per Angstrboxide thickness. The figure shows a decreasing
value of threshold voltage with a decreasing valiigate oxide thickness. Therefore, we found that
it becomes very important to have very tight cadndfathe electrical parameters that are esserdral f

circuit designers: threshold voltage.
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Fig. 4.8 variation of threshold voltage with oxitfhéickness

4.3.2 Effect of Retrograde-well to the thresholdoltage:

Advanced technique such as retrograde well imptansed to suppress the short channel effect.
However, this method also causes the changingeafhiteshold voltage. Instead of adjusting the
threshold voltage using normal implantation techeighe implant dose of the retrograde well also

can be used to adjust the threshold voltage temeadevalue as shown in the fig. 4.9
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Effects of P-Well implant on the channel surfaceaamtration is given below in Fig.4.10
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4.3.3 Effect of body bias:

Figure 4.11 shows a plot of threshold voltage veditferent value of substrate bias. With the

increasing value of substrate bias, the thresholige increase.
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Fig. 4.11 effect of body voltage on the threshalttage

4.4 Conclusion

A NMOS on sub-100nm channel length has been desigrieakage analysis has been done on,
Silvaco-Athena/Atlas package, with different typslsadvance techniques, like halo doping,
retrograde well and LDD implant. By applying thetrograde well a leakage current of

1.27x10" A has been obtained while by adding Halo doping withretrograde well implant

a leakage current 04.36x10" A has been obtained. Hence it can be concluded tdat h
doping and retrograde well techniques can be usedduce the leakage very well. This nMOS
is employed on a resistive load inverter circuitl @asults have been verified by T-Spice result
on the same technology and a 60% improvement goagation delay has been obtained by the
transient response analysis. By using such teckrithe unnecessary power consumption can be

reduce and speed can be improved on device lew®ILSI circuits.
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4.5 Future Scope:

Today scaling has progressed without running inteedous obstacle. Engineering problems
always overcome challenges at every generatiogaling, improving density and performance
along the way. Nevertheless, IC products demandhigiteest performing and cost effectiveness
transistor at each generation, making chip manufars bounded to find the best solution
possible. In addition, as we approach the phydsicais of MOSFET scaling, research on other
alternatives to conventional device and processceelerating. Some of the techniques under
intense investigation are Silicon On Insulator (5Qligh-k gate dielectric and gate stack
engineering, and non-planar MOSFET. These devicectstres will further improve the
functionality of MOSFET even at nanoscale level.
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APPENDIX

Al. ATHENA

The Two-Dimensional Process Simulation Framewarlaicomprehensive software tool for
modeling semiconductor fabrication processes, pessfacilities to perform efficient simulation
analysis. It combines high temperature process hmadesuch as impurity diffusion and

oxidation and lithography simulation in a singlasg to use framework.

ATHENA is also frequently used in conjunction witie device simulator. ATHENA predicts
the physical structures that result from processiimgse physical structures are used as input by,
which then predicts the electrical characterisissociated with specified bias conditions. Using
ATHENA and ATLAS makes it easy to determine the atipof process parameters on device

characteristics.

The Value of Physically-Based Simulation

Physically-based process simulators predict thecstres that result from specified process
sequences. This is done by solving systems of emsathat describe the physics and chemistry

of semiconductor processes.

Physically-based simulation provides three majmaathges: it is predictive, it provides insight,
and it captures theoretical knowledge in a way thakes this knowledge available to non-
experts.

Physically-based simulation has become very impofta two reasons. One, it's almost always
much quicker and cheaper than performing experisaéhwo, it provides information that is

difficult or impossible to measure

Physically-based process simulation tools userg spexify the problem to be simulated. Users
specify the problem by defining the following:

*The initial geometry of the structure to be siated.

*The sequence of process steps (e.g., implantatching, diffusion, exposure) that are to

be simulated.
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*The physical models to be used.
A2. ATLAS

ATLAS provides general capabilities for physically-based (2D) and three-dimensional (3D) simulation of

semiconductor devices. If you're new to ATLAS

The Nature of Physically-Based Simulation

ATLAS is a physically-based device simulator. Phgly-based device simulators predict the
electrical characteristics that are associated vggecified physical structures and bias
conditions. This is achieved by approximating tiperation of a device onto a two or three
dimensional grid, consisting of a number of gridng® called nodes. By applying a set of
differential equations, derived from Maxwell’s lavato this grid you can simulate the transport
of carriers through a structure. This means thaetbctrical performance of a device can now be

modeled in DC, AC or transient modes of operation.

There are three physically-based simulations liIRé¢1EA. These are

« It is predictive.
« It provides insight.
« It conveniently captures and visualizes thecaéknowledge

ATLAS, specify device simulation problems by defigi

« The physical structure to be simulated.

* The physical models to be used.

* The bias conditions for which electrical claeaistics are to be simulated

A3. MIXEDMODE

MIXEDMODE is a circuit simulator that can includkments simulated using device simulation
and compact circuit models. It combines differentels of abstraction to simulate relatively
small circuits where compact models for single desiare unavailable or sufficiently accurate.
MIXEDMODE also allows to you do multi-device simtitsns. MIXEDMODE uses advanced

numerical algorithms that are efficient and robiastDC, transient, small signal AC and small

signal network analysis.
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MIXEDMODE is typically used to simulate circuits ahcontain semiconductor devices for accurate compa
models that don’t exist or circuits where devicésym critical role must be modeled accurately. XEDMODE
circuits can include up to 200 nodes, 300 elememtd,up to ten numerical simulated ATLAS devicdsesge limits
are reasonable for most applications. But, theybeaimcreased in custom versions on request ta&ilvThe circuit
elements that are supported include dependent radepéndent voltage and current sources as weksstars,
capacitors, inductors, coupled inductors, MOSFHXIs, diodes, and switches. Commonly used SPICEpaom

models are available. The SPICE input languagseés tdior circuit specification.
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