MASTAR 4 User’'s Guide

A user’s guide to MASTAR 4

MASTAR —
- Model forAssessment of cn¥ol'echnologies\ nd Roadmaps

MASTAR 4 is compatible with Windows 95, 98, NT4,(0 & XP. Nevertheless,
some Windows display setups may be source of cmdudastar graphics. If this is
the case, we advise to

» setup standard fonts in the Properties/Appearamugow (available with the

right-button click on the desktop Windows screen)

» adjust the screen resolution to 1024x768 pixelsore in the

Properties/Settings window (available with the tightton click on the
desktop Windows screen)

The philosophy of MASTAR

Mastar 4is a computing tool especially conceived for th&&waation of the
electrical characteristics of advanced CMOS traosis based on different
technologies such as planar bulk, Double Gate (@Gilicon On Isolator (SOI). The
calculation is based on analytical drift diffusiequations, which depend directly on
the major technological parameters, such as gatgtle channel doping, oxide
thickness, etc. This application allows the useevaluatemmediatelythe impact of
these technological parameters on the main tramsdtaracteristics such as the
threshold behavior, performance values or time ydeldoreover, the influence of
“physical” secondary parameters such as mobilityy plepletion and dark space can
be visualized giving a deep insight in the physi€CMOS devices. An extension
towards ballistic transport is planned and will ibeluded in one of the following
releases.

The installation of the MASTAR 4 package

Mastar 4 is delivered as a compressed packagésf After reception, please
create a MASTAR folder where you copy the wholelstaf files. For execution, just
click on the MASTAR3.exe file. Whenever you createmodify files (e. gprofile
files, plot files or result files) within MASTAR 4, these fdewill be generated or
updated in this current folder. In an analogous ,vagfile or plot files can only be
loaded if they are located in this current foldgo. make sure that they haven't been
moved to a different folder.

Quick starter...

The MASTAR application is made for quick assessnudrithe impact of the
various transistor parameters on the static anamyn transistor performances. In
this introductive chapter we would like to give iasight on the basic functionalities
of MASTAR.
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We suggest choosing for the first approach the vwapéice “Device”. This
gives you a good introduction into how MASTAR 4 \®r After accepting the user
agreement, please click on the button “Device”amdf your screen. You will open a
workspace which looks as illustrated in Figure 1.

You will see on the left side the principle inpuindow displaying the
technological choices and parameters: the CMOSh#ogy (Bulk, SOI, DG), the
ITRS parameters such ag, LTox, Nen, Vg the booster buttons (e. g. Metal Gate,
Strain) and some additional calculation moduleshenbottom of the window. On the
top of your screen you have the principle outpuhdew summarizing all the
principle calculation results of the transistor tsws performance, threshold, delay,
mobility, etc.
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Figure 1: Mastar 4: global view of the workspaceéiice”.

Just below you find the output graphics. By defathie principle output
graphics is the so-called Roadmap lon-loff graphdésplaying the performance
values of the transistor on a log(loff) versus trart together with the ITRS 2003
Roadmap targets.

EXAMPLE:

Let's imagine the user first wants to assess thdopeance value of a
(fictitious) bulk transistor with the following féares: a gate lengthgl= 30nm, an
ideal (not leaky) SiON oxide with a physical thiges Tx = 1nm, ultra-shallow
LDDs with x = 10nm, a channel dopingN= 5.7e18cni and the apply voltageg=
1.5V. In addition, we switch the Strain Boostertbaton, which gives us a two-fold
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mobility enhancement. In a second time, we mightirtierested in evaluating the
benefit of the replacement of the poly-Si gate byetal gate electrode with equal

work function.

In the first step, we have to enter the input patans in the input parameter
window. Once all values are entered you can reaghénformance value either in the
numerical output window or as a red dot in the Roag ion loff graphics window

(cf. Figure 2).
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Figure 2: Entering the transistor input parametarsd updating the numerical and graphical output by
clicking on the Compute-Button.

Now, for possible further use of this combinatidrimput values it is useful to
create a so-callegrofile file. Within MASTAR, a profile file contains theomplete
set of input parameters and has the extengian For this purpose, just click on the
Save Ashutton of the main dialogue window and enter thsirekd file name. For this
example, let's name it HiVdd. Once saved, the agbirofile file name is visible at the
top of the input window.

Now, we would like to create a “technology baselify changing the
threshold voltage. For this purpose, we keep atupaters constant exceptriNWe
will use the channel doping values 4.75e18and 6.8e18 ciifor a change of +
100mV in the threshold voltage respectively.

After a parameter change the former performance paint will remain as a
blurred point on the graphics tracking the perfaroeachange. We will save the new
profiles under the filenames HivVddLo and HivVddHspectively (cf. Figure 3). Note
that you can reload any of the profiles at any figoal just have to place the cursor on
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the Roadmap lon-loff graphics and click on the friglouse button: a submenu pops
up giving access to the option Load / Delete Reofil

1 MASTAR 4

Jg -[ L4700
W ]| Ao

thanthoff=[ 0.00 mv

Mobility

I~ NETEEEE 300 K

Capacitance

Tdep=[1451 rm
TdepBulk =[ 1451 nm

Eeff = 1.82 MViem
peff = 266,27 s

==

Technology Flavors
Bk ] (5ol ] [ D& )

Cox_elec :|1 92e-014F Aur?
Cdep_sub =|? 20e-015F A

Short Channel
SCE=] 12603 mv

Cgideal =J5 75016 F/um

Cload nmos=[1 14015 Féum

DIEL=[ 265 m¥

FaCa=[247e-002 ps
Ca =[5.25e-016 F/um
Claad iy = 3 42e-015 Féum
Ciunc =| 2.00e-016 Fum)
Pstat =| 7.62e-001 pw!
Pdyn =[7.74e+003

HEE
I ] [ ][ | igtean Logens| (Aot asTAR . ] [ Help? |
ﬂ Results MASTAR
Performance Thresh volt. Features Dypnamic Sub-threshold
[elerBL cledllo i) (ol ton =T Ti8a3 wvum|| Vireatoit=] 5037¢ nv || Detel=T 700 mm I T s
Profile: | \Hivdd loff =] 4.62-003 nd/um ||thiong.off =~ 84523 mv Lelee=[2230 nm gl_ ‘: 5 e || o ES7EDT Aum
[Gave J(Gaveds ) | laoff-[ 1594002 natum || Vihsaton=I 50378 myv [[Tox elec=] 100 rm || =77

Nch = [6.80e+018 at/cm3

Position Cursor Graph

X Axis 1817.93 pA/pm
Y Axis :7515.35 nA/pm

QEN Roadmap_Ion,/Toff

1 nM0S  © pMOS | Year: |2007 -
Lo ] ligate = 30 i Gate Lergth
T A [ 1 nm Oxide Thicknes
EIIINbqu = lm et Chan. Doping
[ v I ®est= [ 10 rm LddDepth

— Lelec :Ian

1e+104,

1e-+003)

L

-~
-

= [TRS03_LSTP_MASTARpIm

eurrent

ITRS02_HF_MASTARpImM
ITRE03_LOF_MASTARpIM

v I vdd=

1.5 W

I I R 1 ofile Save As ... B

ol w-
[+ 1 Thoxr =
15 Nap=
L I'v |Race=
LC

Fitting | I

gamma=| 071 |
zeta 1= 051
zetal2=| (064!

slope = a4 -
lth="| 1.05e0C

|1 MProfils
B Bulk
w1 DG
B HK

B MASTAR
-] SOILN
-1 s0I_F
B U5)

] COBSGP.pro
3] Diefault. pro
- [] Hivdd.pra

=] HivddHipro
Path file: 4P

=l

IS [ ] Activat
delta = 1}

Kd = 1 Save Cancel 200 400 B0 GO0 000 1200 1400 1600 1800 2000 2200 2400
. lon{uAum)

file nafie: : HivddH{ Jpro

2600

Figure 3: Saving the new profile after decreas¢hefchannel doping.

Now, we have three profiles, which will be usedteate an lon/loff plot file.
Within MASTAR, a plot file is defined as a set aieor several profiles and is used
for graphical presentation of the correspondinggrerance values on the Roadmap
lon-loff graphics. For this purpose, you click dretright mouse button. The sub-
menu pops up and you choose tBesate / Modify Plot.command. Inside the
dialogue window, you will be asked to enter the nalat file name — we call it
“baseline” for this example - and to select thefifgs, which it should contain. The
choice will finally be validated by th&pply Changebutton (cf. Figure 4).

In order to display the content of the plot file ihe Roadmap lon-loff
window, you have to choose thead / Unlaod Plot.command from the submenu.
The user can now select one or several plot fdeslisplay on the Roadmap lon-loff
graphics; for our example we choose the plot filaseline” (cf. Figure 5).

The display of plot files is very useful for comjsan reasons. In our case we
like to assess the benefit of the substitutionhef poly-Si gate by a metal gate. For
this purpose, we reload the “HivVdd” profile andc&lion the metal gate booster
button. The performance data point is now shiftedthie right of our baseline
indicating the performance enhancement due to thedgepletion suppression. Note
that in this case both lon and loff are modifiedresresulting CET value acts directly
on the threshold voltage (cf. Figure 6). In ordegét rid of threshold voltage changes
the user could have also activated the feature=Quhstant in the input parameter
window. The channel doping would be now automadiicatljusted to keep the off
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current constant giving however rise to mobilityanges due to higher or lower
channel doping levels.

Create/Modify Plot File

Yiou cah create new Plot file or Modify an existing Plat file by
choosing in the list just belows
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Figure 4: Creation of a new plot file for display the Roadmap lon-loff graphics.
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Figure 5: Selecting the plot file for display iretRoadmap lon-loff window.
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Figure 6: Example: the benefit from the substitntad poly-Si by metal as a gate electrode for and5n
LSTP technology.

MASTAR'’s principal functionalities

Now let's have a more complete picture of the MASTA functionalities.
Having started Mastar 4 the user will be askedhoose between the workspaces
“Device” and “Roadmap”. The workspace “Device” seful for the understanding of
the physics of one given technology whereas theuni®&oadmap” is especially
conceived for constructing CMOS roadmaps composkediifterent “technology
flavors” (Bulk, SOI, DG, etc) per node.

The working space “Devices”
The main dialogue window: a global view

After clicking on the “Devices” button the main tigue window will appear
displaying the principal technological parameterd aomputational choices.

You will be first asked to choose between differ@MOS technologies: bulk,
Double Gate (DG) and Silicon on Insulator (SOI).

The corresponding main technological input pararsetech as gate length,
oxide thickness, extension depth are listed belbese parameters can be directly
entered or modified starting from a given valuengghe adjacent buttons. The input
parameters for each technology are listed and ixgalan Table 1.
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Figure 7: The MASTAR main dialogue window of th&i&es application. The content of this window
constitutes what is called (and can be saved asCiMOS node profile.

The technology flavors

A very important feature is the choice of the CMt@&hnology between Bulk,
DG or SOI. According to the choice of the “techrgidlavor’, some of the “bulk”
parameters and equations are replaced in the adtms. The complete set of the
equations for bulk and the alternative technologasbe seen in the annex.
The major changes are:

SOl:
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In the MASTAR application, SOI stands for Fully Dejed SOI. A warning
appears in th&®esultswindow when ever the conditions for Fully Deplete@I| are
not fulfilled. Again, the main input paramet&g, is replaced by the film thickness
Tsi. Furthermore the Buried Oxide ThickneRgyx and the ground plain doping level
Ngp are introduced as they play an important role fer ¢ffective SCE and DIBL
values. The SOI equations are derived from the lglkations. Notable differences
lie in the expressions forqd, (Ts) and for the DIBL as electrostatical couplings
through the BOX occur. For more details, pleaserref Annex E.

Parameter Description Dimension
Common

Lgate PhysicalGate Length nm

Tox PhysicalGate Oxide Thickness nm
Nbuik Channel Doping (w/o Pockets) atm/cm
Vg Operation Voltage (Gate and Drain Voltage) vV

W Width pm
Bulk

Xiext Extension depth nm

DG

Tsi Channel depth nm
Whe Circumference (cf. Annexe D) pm
SOl

Tsi Channel depth nm

Thox Buried Oxide Thickness nm

Nyp Ground Plain Doping level atm/cm
Resistance

Race Total Series Resistance (S and D) none

Table 1: Description of the main input parametewf the main dialogue window for each CMOS
technology.

DG:

In the MASTAR application, DG stands for a symnuti double gate
structure with common gate bias. The most importdmange is that the main input
parameterXex is replaced by half of the film thicknessi. The calculations are
derived from the bulk equations based on a modedugierposition of two planar
CMOS transistors. However, corrections occur fa dalculation of the depletion
depth {si limited) and the threshold voltage (due to couplffects between the two
gates). Note that within the DG module the paramétas replaced by \A& which is
the sum of all gate - channel interfaces and thifgrent from Wayoe So for a
conventional planar DG structurepd/= 2*Wiayoue FOr more details, please refer to
Annex D.

Default Technology Flavor Parameters:

By clicking on the adjacent triangular button, tAechnology Flavor
Characteristics window opens and gives access éofithng parameters of the
different technologies (cf. Figure 8). For moreailedn these parameters, please refer
to the fitting parameter paragraph and to the spoading annexes.
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Figure 8. Content of the Technology Flavor Charastes window.

Computational Modules

On the bottom of the dialogue window you have agtesnore computational
parameters, which are grouped iriiting, Pocket Mobility and Gate Stackand

Dynamic modules. Note that some of the default parameterdechnology spe
and are modified when switching from one technologgice to another.

cific

Parameter | Description Dim. Default
Bulk | DG | SOI

Gamma Scaling Factor for the Lateral Diffusionnone 0.8
Lele=L gagammalX;

Zetal Scaling Factor for thédIBL (Drain Induced| none 0.8
Barrier Lowering

Zeta2 Scaling Factor for theSCE (Short Channe| none 0.64
Effec)

Slope if none of the calculation options is activatethV/dec - 65 75
slope takes the entered value (for calculation
details refer to Annex G)

lin l4 at the threshold voltage used to calcuate | A 5e-7
lmnew activates the doping dependence of |Ith
calculation.

delta Shift betweenVy, “on” andVy, "off” \Y 0.03
Is replaced by a QM estimation when “Vthon
QM confin. hint” is activated

Kq Reduction factor of the d-coefficient none 1 0 0.5
Kd = 1: Bulk theoretical bulk value of d is usg¢d
Kd = 0: body-effect for SOl and DG

Table 2: Description of the fitting parameters.
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Fitting

Table 2 lists the parameters which can be founthenFitting module. These
parameters are used for the evaluation of the gtmhnel effect, the DIBL, the
subthreshold slope etc. The default values have bdpisted to fit the most recent
planar CMOS technologies (CMOS 90 and 65 nm) aedaliure data (IEDM’'03 and
VLSI '04). Note that most parameters are technoldgpendent and change when
switching from bulk to SOI. For the subthresholdpsg, the use can choose between
using the entered value and two different calcatatnethods (cf. Annex G). In the
case of High-K oxides, the effective coefficients fhe DIBL and SCE are enhanced
by an additional factor, which takes into accoum electrostatic coupling via a
thicker oxide (cf. Annex F). The delta value hagrbadded in order to take into
account the difference between the effective tlolekskioltage for the calculation of
the off and the on current. Indeed, the creatiothef quantum well when going to
strong inversion shifts the basic energy levelhd tarrier towards higher energies
leading to an increase of the threshold voltages Value can be added manually or
calculated when checking the box “Vthon QM confitint”. For more details, please
refer to the annex I.

Pocket

The Pocket module enables to take into accounnaundorm lateral doping
distribution in the channel due to pocket impldritte module is activated by checking
the corresponding box. This module can be usett ppdperly experimental ML gatd
curves. To do this the user must indicate the impl ion species, the implantation
angle and energy. Via a table based on SRIM-2003#edions, the implantation
depth and the (initial) ion distribution width atken entered into the calculation.
Finally, the effective channel doping is obtaindteradefinition of the activation
factora (from O no activation to 1 full activation) andetliffusion factord, which
ranges from 1 (no diffusion) to 30 (= 30 times ialidistribution width). For more
details, please refer to the annex C.

Parameter Description Dimension Default
Dose Pocket Implantation Dose | atm/cni 2el3
Angle Pocket Implantation Angle | degrees 25
Species Implantation Species {B, BF2, In;
As, P, Sb}
Energy Implantation Energy eV
Activation Activation coefficient None O<ax<l1
Diffusion Diffusion coefficient none a1

Table 3: Parameters used in the Pocket Module,fse®ex E for more details on the pocket-related

parameters.

Packet | | | |

¥ Pockets

[+ | MSub=| 3.2e+018 e
“[ I+ | Dose= | 5.2e+013 at/cnt Pock.

v | Angl= | 25+
Species = IB 'l
SN | Energie=| 40 ke
a0 | activation = | 90 x
—[_« [+ | Diffusion = | 2

Figure 9: The pocket module.
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Mobility

In the mobility module, a globdl-enhancement factor ok, is calculated
which takes into account the different factors tinffiuence the mobility: substrates
induced stress, process induced stress due tcculieléners and possible mobility
loss due to the use of High-K oxides. In the caltiahs, the mobility enhancement of
the components gives dg-enhancement factor for the nominal gate lengthalby,
the resulting factor Kwob iS the product of all these factors.

Input Parameters Description Dimension

Ky sub Mobility enhancement through substrate strain none

Kstr pocket Stress enhancement on pocket region none

Lst_pockets Typical length of stress enhanced portions of |then
channel

Kstr channel Stress enhancement on channel region none

GradStress Degree of stress none

Ky hik High-K Mobility Scaling Factor none

Output Parameters

Ky nik High-K Mobility Scaling Factor none

K. othero Additional Mobility Scaling Factors none

Ke Total Mobility scaling factor due to dielectric esisors none

Konu Total l,-Scaling factor of a nominal device taking intaone
account all mobility enhancements effects

Table 4: Description of the parameters used inrttobility computation.

The factorKseq acts on the value of the effective field, whicm dze reduced
in thin film architectures. Note that in MASTAR the default values for some of the
parameters, e. t(reld, Change automatically with the choice of the CM@&hnology
Bulk, SOI or DG (for more details, please refetttie Technology Flavor paragraph
and in the corresponding annexes).

Velocity

In the velocity module, we have regrouped threeampaters which are the
ballistic lon-factorKyg, the saturation velocity enhancem&gsand the effective field
reduction factorKseq. In this MASTAR pack, a ballistic transport moduias been
included. The user can enter the enhancement Wahself and compare it then — by
clicking onSimplified Hint on Ballist — by the truly calculated enhancement factor :
he can now decide to keep this new value or tametwuthe originally entered value
by removing the cross. The functionalities of ttedculation module are explained in
the separate instructions for Quantum Balllisticskda.

Input Parameters Description Dimension
Kpal Ballistic | ,, improvement none

Kys Saturation velocity factor none
Kfield Effective electric field reduction none
Output Parameters

Kpal High-K Mobility Scaling Factor none

Table 5: Description of the parameters used inrttobility computation.
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The factorKseg acts on the value of the effective field, whicim s reduced
in thin film architectures. Note that in MASTAR #he default values for some of the
parameters, e. treld, Change automatically with the choice of the CM@&hnology
Bulk, SOI or DG (for more details, please refetttie Technology Flavor paragraph
and in the corresponding annexes).

Gate Stack

The Gate stack module enables to define all paemethich concern the
transistor gate stack such as the width of the dpdce, the poly-depletion and the
gate leakage improvement factor for Sitased gate oxides. Moreover, the user can
switch to a High-K gate oxide stack with a bottoiticgn oxide of thicknes$ed.
SiO2and a High-K layer of thickness$i K Tox and a dielectric constabliel. Const
Note that the fitting parametets and{,, which are used for the calculation of DIBL
and SCE, are slightly increased when activatingigi-K module. The use of High-
K oxides has a direct impact on the gate leakageecuand also on the effective
mobility. These dependences can be defined in tlgh-K booster window by
entering the gate Leakage Improvement Factors dar &nd high EOT and by
entering the mobility reduction factor for thin atiiick pedestal oxide. For more
details, please refer to the Annex F. These lattgctionalities can be switched on or
off by marking a cross in the corresponding caseother feature is the calculation
for EOT_phys = const. In this mode the physicatkhess of the complementary
layer is recalculated whenevped.SiQ or Toy wigh-k IS changed to keep the physical
EOT-value constant.

Input Parameters Description | Dimension
Darkspace Extension of the Dark Space (in EOT). If QMm
Darkspace is activated the field shows the caledlat
value (Annex 1), otherwise user can enter a chosfe
Poly-Depl. Extension of the poly-depletion (in EOT) nm
Nooly poly-Si doping level cm
Phi_m Metal Gate Workfunction eV
IG TIF / SiO2 Gate Leakage Improvement Factor wrt SiO none
Ped. SiQ Interfacial oxide thickness (if Hi-K is activated) Nm
Hi K Tox Physical Thickness of the High-K oxide none
Diel. Const. Relative Dielectric Constaist (if Hi-K is activated) none
Output Parameters
Knix mobility degradation factor none
TIF HIK Effective Gate Leakage Improvement Factor for High-none
wrt SiO,
IG TIF / SiO2 Gate Leakage Improvement Factor wrt SiO= TIF | none
HiK if activated)
EOT_Phys Physical Equivalent oxide Thickness nm
Table 6: Input and Output Parameters of the GatelSmodule.
T. Skotnicki (ST) et al. p. 12/59
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Dynamic

In this computational module, the user can adjasesal parameters, which
are used for the calculation of the dynamical otteréstics of the transistor, such as
switching delay etc. Among these parameters we fived metal 1 pitch, the gate
resistance, the total fringing and overlap capacia

Parameter Description Dimension
Total Fring Cap. | Total Fringing Capacitance F/um
Coverlap Gate — LDD Overlap Capacitance % feal
M1 pitch Periodicity of the Metal 1 wires nm

Ry Gate Resistance Q

Kioad Fitting parameter for the inverter delay none

Table 7: The parameters of the Dynamic module.

The Booster Template

The buttons in this field allow the user to switmte or several performance boosters,
which are Strained Silicon, Metal Gate, Ballisticafsport, High-K oxide and
Reduced Fringing Capacitance. Once the performbnoster is activated, a set of
predefined parameters — accessible by clickinghenadjacent triangle - is loaded. In
order to trace the changes, the parameter modditatvith respect to the situation
without boosters are highlighted in the main wind®y default, MASTAR suggests
the following set of parameters when activatingBloester Buttons (cf. Table 8).

Booster Button Physical Parameter Deactivated Actiated
Metal Gate Poly-depletion 4 A 0
Strained Silicon Kmu (L €nhancement) 1 2
Ballistic Kysat (sat. velocity enhancement) 1 1.3
High-K TIF_Hi-K (gate leakage improvement) Not active | User defined

Kuik (mobility degradation) 1 User defined
Fringe Total fringing Capacitance 2.4e-16 F/um 1.8e
F/lum

Table 8 : Action and default values of the boobtétons.

The assumptions for the gate leakage improvemehtrenmobility degradation in
the case of High-K oxides is described in detaiimex F.

CAUTION : the values of Kfield, Kd, Poly_dep, Kmu, Kvs andng used in the
ITRS 2003 profiles take often some intermediataueslbetween the standard and
boosted ones. This results from how they were ddfin the PIDS Excel spread-sheet
— we have used the same values for having a fatlpatibility between the two tools.
The consequence of that is, however, that oncenbaldaded for example the
HP45nm node (that is defined as Bulk) and pushiveyBulk button you will not
obtain the same resultéd/e advise you therefore to save an unaltered copy the
package as-sent before all manipulation, so as teelable to retrieve the original
profiles in case of un-cautious over-writing.
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Modification of the Booster Default Values

The default values for the default boosting paramsetan be visualized and modified
after clicking on the adjacent triangular buttoh @gure 10). For the Gate leakage
improvement factor and mobility.

Calculation @ constant loff

A special feature is thieutton loff_c, which is located in the upper part of the
main dialogue window. When this button is activatdee Nbulk value will appear
grey. Indeed, the bulk doping (and thus the thrieskioltage) will be automatically
adjusted to a level, which keeps the loff-value stant despite changes on
technological parameters such&sx Lgate etc. This feature is very useful for the
evaluation of technological options as you carrigesf threshold variation effects.

Calculation @ constant Lelec

A new feature is theutton Lelec const.which is located right below th§ex:
value in the main dialogue window. When this but®activated, thé g value will
appear grey. When changing the extension depthdtelength will be automatically
adjusted in order to keep the electrical gate leregnhstant.

Boosters Characteristics ]

—

Choose value behind booster button and check color of linked field ]

BUTTOM
Bush intermed. Ael
Ll elaw
Appearance: [I] [Ij [:]
[M] Palydepl [nm |= [ o [ 04
= [ 2 | [T
Kstress = I 2 I 10
Latresz = I 20 I 10
- [T | T
Toatal Fringing Capa.[Fum]= I 1.3e016 I 25e-016
Hi-k.
Gate Leakage Improvement Factor
TIF_Hik= 10t™ " EOT_phys+ L)
EOT phws:[ 10 A [ 204
TIF: [ 500 [5o000
TIF_Ped 502 = | 1
Mability Degradation Factor
Ep_Hik. = m* pedSi02 + C
pedSiD2:| Eal 15 4
Kp_Hik I 0E I 1
K_sce = I_D Kodiol=] 0
[ Apply ] [ Cancel ]

Figure 10: Display window of the default valuesh® MASTAR boosters.
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Saving Profiles

A profile is defined as @ompleteset of input parametetrslt is saved as a
hidden file with the extensiomro and is only accessible via the MASTAR interface.
Profiles can be created by the buttoigavé and “Save asin the main dialogue
window.

The Menu Bar

In the menu bar several submenus are accessibl€ilethmenu gives access
to the Log File displaying all calculated parametefhe View Graphics menu
enables to modify the data selection and their gmiaion in the main graphics.
Finally, theComputemenu allows the user to update the graphics. Foimum user
friendliness most options can be equally acceskating the cursor on the object you
want to modify and clicking on the right mouse batt

The main output windows: numerical values and thedn-loff graphics
The calculations are executed via emputebutton from the main dialogue

window. The principal electrical characteristicdiviie displayed numerically in the
output window nametMASTAR 3 Results

MASTAR 3 - Results

Igoff=]7.032+002 né/pm
Jg =[338e+004 picne

Vthsat,on=| 160.25  m
Vton-Vtoff=| 0.000 mb

Mobility

Capacitance

ToH_eIec:l 1.10 nm
Tdep=[10.88 rm

Eeff =| 1.00 MV /em
peff = | B37.00 crifve
KmU.'r'=| 2.00 cméffs

Cox_elec =|3.1 4e-014 FApme
Cdep_sub =|S_BDB-D1 5 F A
Caideal =[5 E5e-016 Féum
Cload nmos= m F/pmn,

Short Channel

SEE=| 26234 mb

DIBL= [ 2943 mV

FoCg =| 223003 ps
Cg= Im Fpm
Cload_iny =|m Ffum
Cjunc = m Ffum
Pstat =Im p
Pdyn = Im I

Performance Thresh volt. Features Dynamic Sub-threshold
lon = 58928 padum|| Visatoff=[" 15025 mv Deltal = | 16 rm Cavddien=I 039 ps 5. 71.00 miédec
loff =] 1.03e+002 na/um Wtlong,off = [ 706,85 mv Lelec =[ 11.64) rm T 0-84 - Ith (dop.)=] 7.95e-01T Alum

Meh= [1.23e+019 atécm3

Pogzition Curzor Graph

X Axis - 1444 44 pAdum
Y Axiz - 5231.0991 nA/pm

Figure 11: The output windoMASTAR 3 Results.

Output Parameter | Description Dimension
Performance
lon Drain Current foNVgate= Varain=Vad HA/LmM
loff Channel Leakage Current &= 0 and \Vyain=Vaa | NA/LM
(= lson)
lgon Gate Leakage Current “Omg=J4*L 4 nA/pm
I got Gate Leakage Current “Offy=J* 4AL/2 nA/um
Jq Gate Leakage Currebtensity (Vgate = Vad) Alcnf
Thresh. Volt.
Visat,off Saturated Threshold Voltag®ylie= Varain =Vaq) Used| mV
for the extrapolation dfy
ViLong,off Saturated Threshold Voltader infinite gate length mV
Visat,on Saturated Threshold Voltage used for tHg, | mV
calculation Visat.on™> Visat.of)
Vior-Vior (US€d) Used Shift between the two Threshold Definitions | mV
Features
DeltaL AL/2 = Lateral LDD Diffusion nm
T. Skotnicki (ST) et al. p. 15/59
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Letec Electrical gate length:qjec = Lyae - AL nm

Tox elec CET nm
Tdep Depletion depth nm
Dynamic

CyVadlon Gate Delay ps

T invert Inverter Delay ps
R,Cq RC-term ps

Cy Gate capacitance F

Cioad inv Load Capacity of the inverter F

Ciunc Junction capacitance F

Psiat Static dissipated power W
Payn Dynamic dissipated power HW
Mobility

Eest Effective Field used for the Mobility Calculation MV/cm
Heft Effective Mobility cnf/Vs
Koy effective inversion layer g enhancement cnt/Vs
Capacitance

Cox elec Gate Oxide Capacity in Inversion F/um2
Cdep sub Depletion Capacity in the Substrate F/um2
Cyideal Ideal Gate Capacitance F/um
Cioad nmos Loading capacity of the nmos device F
Short Channel

SCE Short Channel Effect mV
DIBL Drain Induced Barrier Lowering mV
Subthreshold

S Sub-threshold Slope mV/dec
lth new Current at threshold A/lum
Nen Average Channel Doping (w/ Pockets) atm/cr

Table 9: Description of the parameters of the otitpindow.

The central output window is the loff/lon chart.(€igure 12). The current
performance data point is shown as a red poirftigwtindow. In addition, predefined
plot files- lists of lon-loff values — can be displayed. dl¢ihat in this chart, the loff
value is given by the channel leakage, i. e. theccurrent fovy = 0. The off state
gate leakage current is plotted as a horizontdiethine for comparison.

T. Skotnicki (ST) et al.
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Mastar for advanced users: description of the menus

The File Menu

The file menu contains only “Open Log File”; thisnamand opens a text file listing
all intermediate calculation results. Note that ynahthe former sub-menus are now
directly accessible form the graphics by a rightisebutton click.

Q‘E“ Roadmap_Ion;/Toff

LG, # current

= |ITRS03_HP_MASTAR.plm
TeHI03 =@ - ITRS02_LOF_MASTARplm
4 |ITRS03_LSTF_MASTAR.plm

Te+HI0ZE

- o 55t
E 1e+H101F Ops ¥, &
a (% &
=L 7
= {0,
7t
5 1e+000f %
((%
1e-001 | (%%. 2,
L4
(@Z%‘g 5
1e-002 f %
1 B_DDB 1 L 1 L 1 1 1 1 1 L 1 L
] 200 400 00 £on 1000 1200 1400 1600 1800 2000 2200 2400 2600
lon{gAdm]

Figure 12: The principal graphical output windowhet lon-loff Graph displaying the “current data
point” and some user selected data.

The View Graphics Menu

This menu allows the user to select the graphicéctwlappear in the
MASTAR frame. The following graphics can be visaatl: Roadmap lon-loff,
graphics cloud lon-loff, lon-CV/I and DIBL-L anddhauxiliary graphics Vth(L), lon-
loff(L), lon(L), lon(Tox), peff(Eeff), CV/I(L), S() and lon Improvement (L). For
any modification on the graphics please refer t ‘thodification of the graphics”
chapter.

lon-loff Cloud:

The lon-loff Cloud graphics is a useful tool in erdo explore the performance limits
for a given transistor generation (cf. Figure 13)ouds of performance data points
can be generated and displayed on an lon-loff gecagby simply imposing intervals

and incremental steps for the main technologicalutinparameters, such as gate

T. Skotnicki (ST) et al. p. 17/59
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length, oxide thickness, supply voltage etc. withigiven technology. Note that for

the loff, the user can choose between a calculatieghe channel leakage current, i. e.
the source current, and the complete off currenluding thus gate and junction

leakage.

On this graphics, you have the possibility to digpih addition to the generated data
user defined lon-loff data, e.g. recent literatperformance data, for comparison
reasons. The corresponding files are stored wihettiension .per. For more details,
please refer to th&Modifications on the lon-loff graphics” section.

{MASTAR Cloud_TIon/Ioff : Bulk'IonIoff_Bulk_All_27Jun04.per
lertlls #*  current ] ¥ o o [§H
O current Cloud 4 o ) i
e} Elum_wonmﬁ_u?f%'q;" %} ] QS: 8o
3 Bulk_Monloff_10v O il = .Q o % )
O Bulk_Mionloff_1 2\-'@% c”o,p% rollesi 2 'E.;L
1e+002 99 Samsuny ¥ l:# n %ﬁ%ﬂ IBM1.2v miintel1.4V]
o U m
TSMCTY. A.JIJ’TH bl
25 Cralles St .
= QYA
= imeln? C‘ro%,NE% ﬁ:ﬂEc A
< 1e-m0tf g Towey v, s Hintell 4V
g & TSMI"" u ﬁ&c\ﬁ '\’;{}
= g; -& g& \\ o
{ oo U
Intel0.7 oty @‘“ 0 5 @9’
| & o
100t 3 Tsmcw- Aﬁ@- G o
NN ™
s )
mit BM1.2v
3 3
Te-001 L @JQQ 1 1 L
2000 400.0 6000 a00.0 1000.0 1200.0 14000
lon({HA/uM)

Figure 13: The “cloud” graphics: this presentatia@ilows the user to explore the performance domain
spun up by user-defined intervals of the main teldgical parameters such as gate length, oxide
thickness, junction depth etc and compare it wéttent literature data.

Generic Auxiliary

In this graphics, the evolution of a variety of utt and intermediate transistor
parameters can be calculated over an intervaleofTRS parametenSyae Tox, No, %
(Tsi) or Vye. The graphical presentation can be made eithsusehe ITRS parameters
or versus a second calculated parameter. The daeegarameters are listed in Table
10. Optionally, the off-current{ o) can be set constant for better comparison.

X&Y-axis parameters | Description Dimension
lon Drain Current folVgaie= Vrain=Vad pA/UmM
J Gate Leakage Curremensity (Vgae = Vad) Alcnt
Konu Total 1,+Scaling factor of a nominal device takindon,
into account all mobility enhancements effects
Lelec Electrical gate length:eec = Lgate - 4L nm
J, Gate Leakage Curreitensity (Vyae = Vad) Alcnf
Payn Dynamic dissipated power pW
Paiat Static dissipated power pW

T. Skotnicki (ST) et al.
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SCE Short Channel Effect mV

S Sub-threshold Slope mV/dec

T invert Inverter Delay ps

Taep Depletion depth nm

Vi ong.off Saturated Threshold Voltader infinite gate length | mV

Visat,off Saturated Threshold VoltageVghe= Varan =Vaa) | MV
used for the extrapolation b

Visat.on Saturated Threshold Voltage used for thg | mV
calculation Visat.on™> Visat.of)

Table 10: List of the possible output parameterthinGeneric Auxiliary Graphics.

ompute curve to generic grapl jﬁ“ ﬁquhar'f Generic !E B
- Choose one parameter in lisk below and give an walue min,
max and a step ﬂ@@ %
min =| 20 B
lﬁ I— == Senerici t«t
Loatelnm)_[§ RS & 402 == Generic?
step =| 1 - O Current
[- Choose Resulks or Parameter to display on Generic graph ] 3k
—
X Asis Y Asis E -
& Paramster : E 282
Result ¢
| Loateinm) [ &] L
SCE(mV) ~ i
" Result : Wik
Torfua ) = L
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ol {
Adjust Scale Graphic on Compute 7 ' ' ' ' |
Choose curve ’\'i'j l'f‘) rﬁ '3;‘_] l'§3 DE) Q&j 1@) 1:33 Q)_n) @
@ Stare result in File 1 (red)
"~ Stare result in Fils 2 {blue) Lgate(nm)
(a) (b)

Figure 14: The compute window for the generic aasl graphics and one example of application
showing a SCE versugde plot for two different technologies.

Vth(L): threshold over gate length

2 ausiliary ¥th (L)

L -“‘lIIIIIIIIIIIIIIIIIIIIIOI
— A - SCI-:uniform
=
GO0
% " Vthlongjocke
= dmp — Calculstion 1
- _ = Calculation 2 ‘SC Epocketed
i — file uzer 2 1" "~ ° TTTETTE T
. ! ! g, Current, i nominal
]
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Lgate(nmj ! >
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Figure 15: The Vth(L) graphics: an example of thASTAR Vth-L plot with and without activating the

pocket module.

The Vth(L) graphics shows the dependence of thestiold at W= Vag ON

the physical gate lengthyde Two curves are presented in this graphics, wharhbe

calculated independently allowing the user to comphe impact of the different

T. Skotnicki (ST) et al.
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technological input parameters. By default, theirsdaéd threshold voltagew\ of iS
calculated. In order to obtain the linear threshaittage, please choosgqd= 0.1 V
in the main dialogue window.

Pocket effects on the threshold curve can be rejext when activating the
pocket window. In this case, the channel doping mdfers to the doping of a long
channel device.

I(L): | on OVer gate length @ Ji = const

The I(L) graphics shows the dependence of the oreot b, on the gate
length Lgate FOr better comparisongsl is kept constant during the calculations via a
simple threshold voltage adjustment by channelrppbrrection.

i MASTAR Auxiliaire_Ton,L TMASTAR Auxiliaire_CYI/L
1000.0 [ @ 1e-+101 -‘%
9a0.0 - AR
8000
_5_ 7000 | é
L 6000 & 1e+000f
= L T
S 5000 it
400.0 - S —_—h L
000 — lonL2 —_—C L2
L ' @
w00 L L L L L Te-01 L L L L
oo 200 400 BO.0 80.0 1000 oo 200 400 ROO a00 man
Lgateinm) Lgate(nm)
(@) (b)

Figure 16:The lon(L) graphicga) andthe CV/I_L graphicgb).

CV/I(L): gate delay over gate length @ Jx = const

The CV/I(L) graphics indicates the gate delay, ekited byt = CV/lon(Lgatd-
Also for this presentationed is automatically kept constant during the caldalato
enable a better comparison.

iMASTAR Auxiliaire_Ion/Toxr i MASTAR Auxiliaire_Ion/Toff_L
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3 te+003F g1 -
£k
: ;
1e-004
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—:2212?2 Te-005 F 0@ W0 G B
1 o0 T o rol: e 10-008 L . s @az @20 O Earen
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Tox physinm) lon{pApm)
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Figure 17: The lon(Tox) graphics (a) and the lofifllo) graphics (b).
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lon(Tox): | on Over gate oxide thickness @k = const

The lon(Tox) graphics shows the evolution of thecarrent b, (at by =
constant) over the gate oxide thickness. Two cuarespresented in this graphics,
which can be calculated independently.

T MASTAR Auxiliaire_Ion/Tox T MASTAR Augiliaire_TIon,/Toff_L
1g-H104 ':'& 1a-+001 I}}
HE 1e+000F HRE
_le001
T £
3 M 3 eomf
L 1e+003f <
E E 1e003F
L =
1e-004 |
—_— len_lefF
— lomToxl 1e-005 F —lan_loffE
— lanTox2 & ;Z:;so;wg ;27
T U e o0 @ e
00 02 04 06 08 10 12 14 16 18 20 22 24 : : d ! !
Tox physinm) lon(pAmum)
(a) (b)

Figure 18: The lon(Tox) graphics (a) and the lofifllo) graphics (b).

lon-loff(L): performance over gate length
The lon-loff(L) graphics presents the performanagdoints calculated for a
set of physical gate lengthisgate = 9, 13, 18, 25, 35, 45, 65nm.

Calculate Ton{L}_kmu B i Auniliary Ton (L)&(Kmu) |
Calculate lon improvement due ta Strained-Silicon
at a function of Gate Lenath

300 -

Lgate[nm]
. 800
Lrain : | 45 nm - L
. = N
Lrmnas | 10000 nm 9"5' 700 i
# pointz | [0] % 600
_ _ s o}
Mote: The unstrain reference is taken as kmu=1 o -
[no substate-based strain] and katrezz=0 [no E qof
liner-based stiain) = i
= 30
¥ Staore result in File 1 [red) 200 F )
o L ®  Calculation 1
™ Store result in File 2 [blug] 00 ® Calculstion 2
. @
1e+001 1e+002 1e+003 1e+004

Lgate(nm)

Figure 19: The lon improvement as a function ofghte length, for global and local stress.

lon Improvement (L):

By this type of graphics the effect of mobility emttement on lon(L) can be
analyzed. For this purpose, the improvement ofiid¥ is plotted as a function of the
gate length in the presence of long channel mgleithancement (kmu > 1) or stress
induced by liners (see annex J) (cf. Figure 19)thBmodels were fitted on
experimental data Note that if you choose to cuteub@th substrate based strain and
liner-based strain, the reference for calculatisnstill totally unstrained (i.e. NO
substrate effect and NO liner effect).
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Modification on the graphics

Modifications on the lon-loff graphics

If the cursor is placed on the lon-loff graphicscleek on the right mouse
button opens a submenu containing the followingomst “Modify Scale”, “Copy to
Clipboard”, “Cursor Position”, “Load / Delete Prigfi, “Load / Unload Plot”, “Create
/ Modify Plot File”, “Delete Plot”, “Ghost” and “Eable Info Popup”.

Modify Scale By default an autoscaling function guaranteest tte current
performance data points are centrally positionedhim lon-loff graphics window.
Disabling this feature, the x-and y axes can bdedcananually. Moreover, it is
possible to switch from linear to logarithmic pnetsion.

Copy to Clipboard:
This command loads the current graphics into tigbobrd. It can be pasted in any
document using the Ctrl + V function.

Load / Delete Profile:opens a dialogue window to load or delete profikegrofile

is defined as a compleget of input parameterss listed in Table 1. It is saved as a
hidden file with the extensiomro and is only accessible via the MASTAR interface.
After opening the dialogue window you can choose ohthe available profile files.
Its content will then be visualized in the lowentpaf the window (cf. Figure 20).
Clicking on Load will transfer the parameters into the main dialgundow. The
numerical and graphical results will be updatedoanatically. You can delete a
profile by clicking on it and then using the righbuse button: you can now choose
the Deleteoption.

Load / Unload Plot This submenu enables &md or remove Plot file§rom the
Roadmap lon-loff graphics. Plot files with the exd®n .plt contain a series of
performance data pointghose with the extensioplm arelinkedto a list of profiles
files. Both types are usddr display on the lon-loff graphics and enablefpenance
comparisons with the current data point. For coeatplease refer to the explanations
of the Create/Modify Plocommand If the plot file already exists just click droad /
Unload Plot the Display Plot File Dialogue Window is then activated. To add or
remove plot files, click on the correspondipigt file in the list on the left / right side,
then click onAdd or Remove

Create / Modify Plot: Command enabling the creation and modificatioRlof Files.
Within MASTAR apilot file is defined as an output file containing or linkedalist of
lon-loff values.Plot filesare usually createdrom using a set of previously defined
profile files; in this case the have the extensipim. Note that the change of an
underlying profile changes immediately the ploefillf you choose the Create /
Modify Plot File command, the corresponding dialeguindow is opened. On the left
side the existing plot files are listed. When dingkon one of them, the underlying
profiles are displayed in the right window. By meani the Add and Remove buttons
profiles can be added or removed from the plot file

Alternatively, the user can create plot files bytiad a text file containing a list of lon
[MA/um] and loff [nA/pum] values using the followirggquence:

T. Skotnicki (ST) et al. p. 22/59



MASTAR 4 User’'s Guide

[namel]

lon=900

loff=10.0

[name2]...

This text file must be saved with the extensioibh and be available in the sub-folder
Plot.

Delete Plot:Opens a window which enables to delete an exigtiogfile.

Load/Delete Profile Ei |
| Profile On Disk 1
=-1 ITRS 2003 B

selected

// Profile File

[ (CBuk ) (DG ) [_s00 ] |
(& rMOS  C pMOS | Year: [2003 ]
o v ligate= | 251 nm Gate Length
L] Tox= 0.85 nm Oxide Thickne

[+ IMbuk = | 1.13e+013 crf Chan. Doping
] K= 14 nm Ldd Depth

Content of the

4 I 3 I‘Jdd: | 7w e selected
o (v ] w= | 1 pm Profile File

0 [+ | Thow= IW |
o v _|M1Pitch=] 100 nm

[+ ]+ ] #%=RsouFcan= [ 0O

[« ]+ PFeconstiside= [ 70
Fitting | | | | |
gamma=|w L= Lgate - gamma.xj
zetal=[" 0@ Dibl= zetal®.
zeta2=| [ F4 SCE=zeta2 .

kappa= | 0 S=zettokappaif <x0
[ Active_new_Slope

[th= I Se-007  logloff=log [Ith ...

I [ Activate Ith Doping Dependance
delta= [ 003 Wton=vitoff + delta(1-d]
kd=[ 1 dmultipl factor (e.g SOILDG )
Kinvert= | 1] Ideal Inverter

Figure 20: The Load Profile dialogue window frone thile menu
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Enable Info Pop-up: A pop-up window displaying the values is shown wiyen
point on a data point of the graph. It containshariscut to theLoad Profile
command: clicking on the triangular symbol on thgper left part of the pop-up
window injects the corresponding profile directiya the input parameter window.

Display Plot File |
[tern with this lcon meang Plot file created from test file. [&ccessible in the folder Plat in Mastar Package)

H [tem with this [con means Plot file controled by application. [&ccessible via Create/Modify Plot File Menu)

Ayailable Plot Files on Dizk : Selected Plat Files on Graph

= Plat ITRS03_HP_MASTAR. pl

3 T | HP_| .plm
g add |

- [TRS03_HP_MASTAR. pim i A ITRS03_LSTP MASTAR.plm
8 \TRS03_LOP_MASTAR.plm

el ITRS03 LSTR MASTAR. pim <<Remove |

1

..... ITRSHPO plt

- ITRSHPIA pit '
1

2
3
4
5
= ITRSLPO1. pi g
8
5

0.

Figure 21: The Display Plot File Dialogue Window.

Create/Modify Plot File E3
'ou can create new Plot file or Modify an existing Plot file by
choozing in the list just below
Available Plot File Plot actually modify - | Mo Flat Selected
|0 MPlat
----- HFZ003_ITRS plt
HH
e Hggg;—ﬁgﬂ?ﬁ;?ﬁ;“‘l‘ Profile on Disk Profile in Plot
i  LOF_ -plm - -
-l ITRS03_LSTP_MASTAR pim llj AProfils
----- ITRSHPO.pkt -- MASTAR
..... ITRSHPI9.plt I Default.pro
----- ITRSLPOT. i ] FRED.pro
----- LOP2003_ITRS.plt
----- LatF2003_I TRS.plt
Expart .plm => plt
Cloze Window £pply Change

Figure 22: Dialogue window for the creation of apfile.
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Modifications on the Cloud graphics

Once the cursor placed on the graphics a clickhermright mouse button opens
the submenu with the following options: “Modify 3&§ “Copy to Clipboard”,
“Cursor Position”, “Load / Delete Profile”, “New @uid”, “Load / Unload Cloud”,
“Purge Cloud”, “Change .per file”, “Edit / Modifyper File” and “Enable Info
Popup”. Some of the functions being equal to thosmmented for the lon-loff
graphics, we just comment on the new options:

Generate lon-loffDataCloud |
Lgate I 45 rm o I 43 rim ztep |—1|:I iy
Tox | 1.2 bt | 1.2 b zhep m !

M bulk, | 1e+8 ope i | Je+18 e step Iw CIT
b I 15 im o I 15 1 ztep |—2':I rm
vdd | Ty 1o Ty step | 0T W
__Hal:l: I B0 Ok to I B0 Ohm step Iw Db
W Using Fieal laff [ laff = lofijvt] + lgoff + ||_leak |
[ Compute Current ] [Save Current Cloud .-'1".3]

Figure 23: The lon-loff Data Cloud parameter window

New Cloud: opens the Generate lon-loff Data Cloud window Eifjure 23) which
contains the lower and upper limit and the incretalestep of the main technological
parameters on which the calculation of the datactlwill be based upon. In addition,
the user can choose between the channel leakagentuic e. the source leakage
current, or an estimation of the complete off cotré e. including the gate leakage
and the junction leakage, for presentatiot,gbn the y-axis. The generated data can
be stored by clicking on the “Save Current Cloud Bstton. This will save the cloud
data and also generate a corresponding profilehwdaa be reloaded for later use.

Load / Unload Cloud: opens a window in which the user may select tha d@auds
to be shown in the graphics window.

Purge Current Cloud: This command will erase the last generated cloach fthe
graphics.

Change .per file: Command which enables to change the user defitezdture data
that is displayed on the graphics. MASTAR offers pgossibility to create files with
the extension .per containing lists of data pod&ned by a label name, the values of
lon, loff, CV/I, DIBL and additional information fathe graphical presentation (label
orientation, symbol, color, etc.). These files arganized as work sheets with one
line per data point as shown in Figure 24. Notd thlaen changing the .per file
MASTAR automatically loads all clouds that werepiiisyed at the last utilization of
the .per file (cf. Figure 26); they are memorizedhe header of the .per file.
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File LFF actually open : [Bulkionloff Bulk Al 27Jun04.p [ Open ] [ Save ] [ Save az ] [ Ingert row ] [De\ete rnw]
| Lonfy.... |IoFanAJ‘.‘. | Mame |Orian.... ‘ Y Iips) |Orian.... ‘ Luatef...| DIEL(. .. |Orien.... | shape | Colar |Cnmments ol
o | e 5 Samsungl¥  SW T =la0 50 sE *lsquare  T|Blue |
1 [ e 1 samsungty  sw x| =lis wo 5w Tlsqae  lele =
2z | sm 2,00E4+01  Inkeld.7 hd| hd| Tlsquare  TMagenta x|
s |[C = |50 o |5t lpamond  xlmagenta x|
4| s 2,00E4+00  Inkeld.7 wo x| hd| Tlsquare  TMagenta x|
5 | st |25t amp-07se w7 =l ~square  T|Magenta =]
s |V 40 1.80E-01  IBMLY x| x| Tlsquare  TlEwe Rd|
(7 I leso S5.00E+00 | TEMLY | hd| lsquare  Tlewe =l
& [ s 6.00E+01  TEMLY wo x| hd| Tlsqare  *lEwe Rd|
s |F 70 20 LY-HEC wo x| hd| Tlsquare  >lbwe =l
in |7 520 0.5 1Y-NEC ‘l 'l '|Sc|uare v|Bll_na 'l

Figure 24: The presentation of the .per file.
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et Spy 7o - {3}3 (g o
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u onlo v Sl ITH . _Tsi
lesomak O Bulk_Milonlofi_14 A (%!BE-]memm_M
o &NTEL1.3V-Tsi 15nm
(}3 ‘“‘U
STMA.2/-Tsi16nm 4. *f
.Tsi 0,
a0k STMTV-Tsitdnmdgh ib‘?&y ﬁ g
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£
c o 5 g@c@
= {e+000F \\;\é\@ % c%‘)ﬂ
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1e-002
nn 1600.0

len{uAum)

Figure 25: FDSOI NMOS .per file and its associatéulids.

Edit / Modify .per File: Command which opens the currently shown .per lilehe
work sheet one line corresponds to one data pNioie that the box left to the data
must be checked if you want to visualize the datatpon the graphics. All cells can
easily be edited by selecting them with the curaad typing in the desired
information. Note that this table can be directhpied from or pasted to Microsoft
EXCEL. If you place the cursor on a data pointha tper file on the graph, a pop-up
window opens indicating the numerical lon-loff datélicking on the triangular
symbol on the upper left part opens the active .filer and highlights the
corresponding data point line.
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Useful Shortcuts:

Quick access to the cloud calculation conditiongjii®n when placing the
cursor on the corresponding symbol appearing inl#gend. A pop-up window
appears displaying the calculation parameters. t®mupper part, you can see the
corresponding cloud and profile file names. A tgalar symbol is situated in the
upper left corner of the appearing window (cf. Feg26). By simply clicking on it
you can inject these parameters directly into tlemeeate lon-loff Cloud window.
Moreover you will be asked if you want to load twresponding profile in the main
dialogue window.

A right mouse button click on a user defined datatowill open the currentper file
and high-light the corresponding line for quicktedj.

@ -~ D Bulk._ 1% Recent\Bulk_1% Unstraine  *=*
\Cr_SPE_MRMOS == | brofile

Shortcut to inject | | qate - 4000 to G000 step 4.00 name

the d'sp_'aye?]paﬁa' o] Tox:1.20 to 1.40 step 010

L“aek‘jl;t'lgmlﬁ d%;’V“ -Mbulk : 5.00e+012 to 2.00e+018 step 1.00e+018
S 18.00 to 3200 step 1.00

-%dd: 1.00 to 1.00 step 0,10

-Bconst: 130000 to 130000 ztep 100.00

Figure 26: Data cloud Pop-Up-Window.

Auxiliary graphics

On the auxiliary graphics, the following optionse aaccessible by a right
mouse button click: “Modify Scale”, “Copy to Clipaad”, "Cursor Position”, “Curve
X_(Y)”, “Open File Results1” and “Open File Reslts

Curve X_(Y): opens the window for new calculation of the curmgmatphics. On can
enter the calculation limits and select one cuoreafnew calculation.

Open File Resultsl opens a text file containing the data of the esponding
graphics.

User files

All auxiliary graphics have a link to two so-calleser fileswhich can be
helpful to display (experimental) data for compamiseasons. To open the file editor,
please place the cursor on the symbsér file i on the lower right corner of the
auxiliary graphics and click on the right mousettwit The corresponding file opens
and can be edited.

The Compute Menu

This menu contains all computational commands aomug the auxiliary
graphics and the cloud graphics:
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Clouds calculation of a performance data cloud

Vth(L) & S(L) threshold / subthreshold slope over gate length

CVI/I(L) and lon(L) gate delay over gate length and on current §gr=
const.

lon(Tox) lon current over oxide thickness fog E const.

lon-loff(L) Performance over gate length

DIBL(Thox) SOl specific: DIBL versus Thox thickness

lon Strain Improvement
lon improvement by long channel mobility
enhancement through strain effects

All...

Clicking on All... will open theCompute Allwindow. This window allows
the user to update the presented data points iauailiary graphics windows. The
newly computed data will be applied on the seleted or blue) curve.

Vth(L) and S(L)

Via this dialogue window it is possible to update displayed data points in
the graphicsvth(L) and S(L) while all other auxiliary graphs remain unchanged.
Again, the user can decide whether the new geredztta should be applied for the
red (Vth_1) or the blue curveMth_2). Moreover, the user can define the interval used
for calculation and display (cf. Figure 27).

Calculate Yth{L) && S(L) |
Selection
& Wil & S[L) 1 [Red)

7 Wth(L) & SIL) 2 (Blue)

Lgate : |2|:| Firm tDISUUU nm

Figure 27: The Vth(L) calculation window.

CV/lon(L) and I(L)

The submenu CV/lon(L) and I(L) from th€éompute Menuwwill open the
corresponding dialogue window. The user can noacsevhich curve he wishes to be
updated and define the corresponding computatwmalow. TheCV/lon(L)andl(L)
graphicsare simultaneously updated when clicking on Stert button. Note thatgk
is kept constant during the calculation of thevhlues.

lon(Tox)

This submenu allows the user to update Itth&Tox) graphics Choose the
curve by clicking on the corresponding button apdate by clicking orStart Note
that L is kept constant during the calculation of thevhlues.

lon-loff(L)
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In the dialogue window, select one curve and chickStart to update the
graphics. The performance data is calculated dkea fseries of gate lengthsgle =
25, 30, 40, 50, 60, 70, 80, 90 et 100 nm).

lon-loff Data Cloud

The lon-loff Cloud submenu opens the dialogue window call€kfierate
Data lon-loff Cloud. You can enter the lower and upper limit and theremental
step of the main parameters and start the calonkti
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The workspaces “Roadmap” — a global view
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Figure 28: Global view of the workspace “Roadmap”.

The workspaces “Roadmap” have been created fotTtRS PIDS Working
Group to enable the conception of CMOS Roadmagsintalso be very useful for the
comparison between different CMOS technologieseohnological options within a
CMOS technology. For this purpose the workspacsuisdivided in three different
application families, which are: LSTP (Low Standbgwer), LOP (Low Power) and
HP (High Performance).

Each workspace is separated in two functional parishe left side, up to 6
different profiles can be loaded, visualized andlified independently. For example,
we can use it to trace the evolution of the roadrfnam the node 100nm down to
22nm by choosing the most appropriate technology.

On the right side, some graphics are shown: ontdpe the performance values in
terms of lon-loff-data points are plotted. Belowetuser can choose between the
graphics Roadma@V/I, Roadmagly & Jgiimit and Roadmapdyn

Loading and modifying profiles
Profile files can be loaded in the window by clingion the yellow button and

by choosing the desired profile file from the l®nce loaded in the window, all input
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variables can be modified. If you want the charigelse permanent just click on the
green button, the profile file will then be updated

The following features can be chosen:

Load Profile:
Save Profile:
Save Profile As:
Close Profile:
Label Display:

Include into:

loads a profile

saves a profile

saves the profile under a different name

closes the profile in the corresponding window

allows the user to change the position of the dmibe@l with
respect to the data point

allows the user to insert a data point into a line

Access
to Roadmap
Profiles

Parameters

For Jg jmt calculation

Production
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L

Parameters

Output
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Figure 29: Description of the profile window in therkspace "Roadmap”.
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The double arrow symbol

You can also save all “Roadmap” profiles at ongeaubing the menu behind
the green double arrow at the upper left side efworking space. The following
features can be chosen:

Load Roadmap Profile: loads a set of Roadmap Profiles
Save Roadmap Profile: saves a set of Roadmap Profiles
Save Roadmap Profile As: saves a set of Roadmap Profiles under a

different name

Moreover, the calculation software can be chan@dth(ge DIl fil§ and the
option of calculation at constantlcan be chosen.

Two other commands may be useful in order to exmata to other
applications:
Snapshot Roadmap Windowpads the Roadmap window into a clipboard, from
where it can be pasted in any document by the auatibn Ctrl+V
Copy Data to Clipboardtoads all Roadmap parameters into the clipboamah fivhere
it can be pasted in a Excel sheet by the combimaticCtrl+V

Calculation options and display of the numerical reults

On the bottom of every profile column, the baskcaical characteristics are
displayed such &gy, loff, Eeft, Heff, Visas CV/I, Tiny, DIBL, S 1g andPgyn The values are
updated whenever you confirm the changes done omput parameter with the
“Compute”-button.

For performance comparisons, you might wish to kibepbs-value constant
during the modification of parameters. To do tligk on the button with the green
symbol on the upper left side of the window andvate “Keep loff constant”. In this
case, the channel doping and thus the threshotdgelis automatically adjusted to
keep the off current constant.

1e-+001
— Improvement : 14.0% ﬂ
Ch

1e+000

CVi(ps)

1e-001
2002 2004 2006 2008 2000 2012 2014 2016

Year

Figure 30: The CV/I versus year of introduction ghécs.
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Graphical output

The graphical output of all loaded profiles is an&tically displayed on the
graphics on the right side. The upper graph shbwdadn-loff. Clicking on the right
mouse button, you can carry out some modificatmmshe plot, such as changes in
the scaling (“Modify Scale”), copy the graphicsara clipboard for future use in
documents (“Copy to Clipboard”) and the selectiorpesentation of the data points
(“Load and Unload Plot” and “Create / Modify Plat”)

Roadmap Jgoff & .JgLimitl |
1e-+005 = =
O Ja_limit { ')
L {5 %y, %4 ﬂ
F 1e+004L® TF 40, s “Rog L O
E Pos R
:
L
s
E
k) /
7 e4l01F &—8 o&’a;, » & &
- / .
=)} O
” /
1e+HI00
om0 4
gg Ve
1e-001 1 H"?.nhl 1 1 1 1
2002 2004 20%5 2008 2010 2012 2014
Year

Figure 31: The Jand Jimrroadmap versus the year of introduction.

The lower graphics has three presentations: you ataose between the
presentations of the gate deldy/l, Jy & Jg,Limit OF the dynamic Power versus the year
of introduction. In order to monitor the performanémprovements from one
generation to another in a convenient way, you aitch between frequency and
delay presentation. Note that you can disable tbtiqg of the introduction year on
the x-axis: just use the right mouse button andctilesie “Enable year”. In the
graphics window, the data points are now orderethfthe left to the right as they
appear in the profile frames.

For the second graphicdy & JgLimi, the parametedyimi Shows the upper
limit, which is acceptable for the gate leakageislderived from the source-drain
leakage currents and the gate length, using the following formula:

|
— TempFactor 32" (nitialFactor

gLmit ™ CircuitFactor L,

where TempFactor, CircuitFactorand InitialFactor are adjustable factors
taking into account the temperature dependenckedf,f leakage current, the spread
of the individual device characteristics withiniecait and the use of different types
of transistors within the same chip and are by wleftifferent for LSTP, LOP and HP
applications. The default values are listed in &all.
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LSTP LOP HP
Temp Factor 1 5 10
Circuit Factor 1 1 1
Initial Factor 1 1 0.1

Table 11: Default values for thg Jyi: calculation factors TempFactor, CircuitFactor and
InitialFactor for the different application familge

The Jy Limit calculation factors are accessible via the rezhgular symbol on
the upper left part of the Roadmap Window (cf. Feg@9): the preference window
will be opened, where the default values can bagbaé manually. In addition to that,
the TIF value in use, i. e. the improvement faetith respect to a pure SiQate
oxide, is indicated for every node.

1e+H104 ﬁa

=
==
o]
o
L
1E+DD: 1 1 1 1 1 1 1
2002 2004 2006 2008 200 212 2014 206
Year

Figure 32: The Pdyn graphics.

Mastar On-Line Service
If you have any questions or suggestions, please &e e-malil to:
thomas.skotnicki@st.com

frederic.boeuf@st.com
markus.muller@philips.com

T. Skotnicki (ST) et al. p. 34/59



MASTAR 4 User’'s Guide

References

1. T. Skotnicki, G. Merckel et T. Pedron, «The Vobagoping
Transformation : A New Approach to the Modeling MIOSFET Short-
Channel Effects”, Electron Device Letters, Vol 9,3 1998

2. T.Skotnicki , G. Merckel et T. Pedron « A New Puwiblough Model based
on the Voltage Doping Transformation”, IEEE Trartgat on Electron
Devices, ppl1067-1086, 1988

3. T.Skotnicki, G. Merckel et T. Pedron « Analyticau8y of Punchthrough in
Buried Channel p-MOSFETs » , IEEE Transaction Oectbn Device, Vol
36, N°4, 1989

4. T. Skotnicki, G. Merckel et A. Merrachi, «New Phyali Model For
Multiplication Induced Breakdown in MOSFETs », Solstate Electronics,
Vol 34, N°11, pp1297-1307, 1991

5. T. Skotnicki, G. Merckel and C. Denat ,“Triggerirand Sustaining of
Snapback in MOSFETs”, Solid State Electronics, 88, N° 5, pp 717-
721,1992

6. T. Skotnicki, C. Denat, P. Senn, G. Merckel and Hennion,”A New
Analog/Digital CAD Model for Sub-halfmicron MOSFETYEDM 1994

7. T. Skotnicki, “Heading for decananometer CMOS -—n@vigation among
icebergs still a viable strategy?” ESSDERC 2000itéal Paper

8. T. Skotnicki, Encyclopédie Technique de I'lngénijewiTransistor MOS et sa
Technologie de Fabrication » Cahier E 2 430, fé&\2300

9. T. Skotnicki, Encyclopédie Technique de I'lngémi « Circuits intégrés
CMOS sur silicium » Cahier E 2 432, février 2000

9. T. Skotnicki and F. Boeuf, "Optimal scaling methadpés and transistor
performance” chapter in “High-K Gate Dielectric Meals for VLSI
MOSFET Applications”, edited by H. Huff and D. Giém Springer Verlag, in
press

10.T. Skotnicki and F. Beeuf, “CMOS Technology Roadmagpproaching up-
hill specials”, chapter in proceedings of th® ®tl. Symp. On Silicon
Materials Science and Technology, Editors H. R.fHuf Fabry and S.
Kishino, pp. 720-734, ECS Volume 2002-2

11.T. Skotnicki and F. Beeuf, “ Introduction a la Plyst du Transistor MOS”,
EGEM « Physique des dispositifs pour circuits ind&gsilicium », edited by J.
Gautier, Editions Lavoisier, Paris 2003

T. Skotnicki (ST) et al. p. 35/59



ANNEX A:

The Mastar Equations (after Refs 6-9)
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min({L, L
Nch = NB +2Npochesw

AL=08X;, L =Ly-AL 3
:E Cpoches
_kT In NextNen Poches 2 R, +24R,
CER I . AL
L poche= (Rp *+ 28R, )sing+ 28R cosf -
_kT Nen ? £gj Xj2 Tox_el Tdep
2¢r =—In SCE=064—3|1+ 1 | 2= 2P
q N Eox L2 L L
_ &sj 'ox'dep Egj ij Tox_el TdEp
NCE > DIBL=08"2! 1+ —- | —=——""Vpg
Eox Eox L2 L L

\/2‘93iq Ng (2 —Ves)

Vine = Vg +20F +

&5 Tox_el
€ox Tdep

=k—TIn1 1+
q

RSCE= J2e50Ng (24 ‘Vst[ Nen _1] ox_eot
Cox Ne Vih,off = Viheo + RSCE-SCE-DIBL - NCE
If Kappa=0, then B Vih,off
logloff =log(ln) -

-

Ith =5x107" [A]%

else
_ w - _
S=appa Ith_new=5x10 7[A]T8><1O8 Nep 0'4865[cm 3]
2&4 sio
Tdep— (2¢F Vb) Tox_el Tphys + Dark space+ I:)oly depl
ch gactual
_ HsrHac cm MV
Heft = Kmy——— nMOS: 330673
e mu Lsr + Hac ,uac{ Vs } OEcft

-03| MV,
eff cm

2
cm
MOS: 90E.
p ,uac|: Vs :|

m2
oS :usr|: :I 145(Eeﬁ29 {w} NMOS: B¢t = K figig Ve +Vth'0n - 2VFB 20
em 6Tox_el 6Tox_e|
pMOS: 1 m’ =140E; [MV} Vg +2V, Vig +2¢
sr eff cm pMOS Eeff =K el G th,on -3 FB
9Tox el 9Tox_el
Vth,on = Vih,off +A V V Vh on
Esi 1 W
C | = Sio2 | . c Wyov
ox_¢ Tox_el dsat0 2 Het ox_ el L gtVdsat
; Ysat Ke
1 P Eg = Kyg 32 d=Kq——B—
Vdsat 1 1+d ¢ vs MUetf Zm
L E¢ Vgt
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chthep

Cox_el v 2¢F _Vb

Kg =

Idsa()
1+ 2Rsldsalo _ I'_‘)sldsato
V,

gt Vgt + LelEc (1 +d)

ldsat=

Dark_spacél2-4 A EOT (electrons)
et 3-5A EOT (holes)

Poly_depd4A EOT (ri-gate), 6A EOT (b-gate),
EOT:Tphysesiozleactuel

2
lc = %ALW x ae(bvg Vg )e_dTOX— phys

Parameters for,Ja=1.44.18 A/cm?, b=-4.02 \?, ¢=13.05 \/, d = 1.17 &'

ANNEX B: Delay and Power Consumption

The MASTAR equations are the following:

- —9
CcC . :ﬂL Pstat_S'ZN\/cid(IG+|off )10
g _ideal T gate
ox_el _ 2 2
c den -, CIoad_inv\/dd
—| €sio2 invert
Cg - : Lgate + CtotaL fringing — =
Toxfel Dynamic
C —| Esio L +C +C Cgvdd/lan=| 218 ps
g_load T | gate total _ fringing overlap Einvert = 437 ps
ox_el
o RaCo =[3 55002 ps
CIoad nmos Cg _load +C junction Cg=1.18e015 Ffum
CIoad v 3(Cg _load + Cjunction) Cload_iree =| 4. 71e-015 Fépm
2 . Ciunc =| 2.00e-016 FAum
tiver (NMOScasg = 025K,,,,C 0. iV (m 1o Pstat = [ 3 442003 g
o ) Pdyn = [216e+003 1w/
— 6
tinvert ( PMOSC&S¢ - 0'25kload CIoad _invvdd (W )10
on "

Cg, Coad_inw Gunc @and Goad nmos@re calculated in F. For W=1um, the this is edaoal
F/um.

The delay equations:

1) The Intrinsic Delay of the transistor CyVad/lon:

'Lgate + CtotaL fringing :I\N

Ciotal_tringing 1S defined in the booster window and appears endgdite stack menu. The value
can be manually adjusted. A common valu€iig,_fringing = 3Ctinge = 3*0.08 fF/um = 0.24
fF/um.

C.V Eo
—9 whereC, =| =%

on

t=

ox_el
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| | Gate Stack | | i Dynamic 1110 Dynamic )
Darkspace EQT =| 0.4 am r—\\
paly_depl EOT = [~ 0 nm (theoret. = [0E5 rm] I:9"""":":"'”':'n=I 218 ps d Vddflﬂn:l 218 ps LD
b_invert = 437 ps t_irvert =| 437 ps

MNpoly =| Je+020 Gate Doping [at/cm3)]

[ | Phim=] 405 ¥
IG Improve XHSiD2=| 10

RaCa = [3 65002 ps
B Cg =1 18015 F/um

 Hik _i— ped Gi02= [ 0 mm Cload_ir = 4.7/1e-015| Ffpm Cload_irve =| 4 F1e-015 Féum

— Diel Const =7 Cijure = [ 2.00e-076 FAum Cijune = [ 2.00e-016 FAum

W Fo = I 30/ Ohm Pstat = [ 3 442003 piw Pstat = [ 3 442003 piw
ot Finging Capa = [24=016_Flum> Pdyn =[Z.16e+003 piw/ Pdyn =[Z1Beeliis pief

Coverlaplper sidel=] 20 %Cqideal=[T 42075 FAum

Loading gate capacitance:

— gSiOZ — ESiOZ
Cgfload - I‘elec + 2C fringe + ZCoverlap + Cfringe + Coverlap - 'Lgate + 3Cfringe + Coverlap
ox_el —_— ox_el —
Miller _ capacitance Ciotal_fringing
In the calculation, Cieaa(F) = CGioas(F/um)W(um)
(afterJapanese PIDS | TRS Worki ng Group).
Cfringe Cfringe
- - ‘.'
V":'o P 4‘;\'
Ay
Coverlap - Coverlap
E
Cgb=—221
?;X_t’i e

(illustration after thedapanese PI DS | TRS Wor ki ng Group)

We consider here that the overlap capacitancepisreentage of the ideal gate capacitance.
The value is adjusted in the gate stack menu.

| | | Gate Stack | |
Darkzpace EQT =| 0.4] nm
poly_depl EQT = | 0.4] nm [theoret, =| 046 nm]
MHpaly =| 3e+020 Gate Doping [at/cm3)
« |v |Phim=] 405 %
IG Improve ><.-"Si|32=| 10
i— ped. 502 = | nm
moHik =
— Diel Congt. =| 25
v Rg = [ 30 Ohrn

Taotal Fringin = [ZB=N1E Fium S
Coverlap(per 3ide]=| 20 Z*Cg-ideal=|1.9&-ﬂ18 Ffpm >

e
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Dynamic

P-.

Cagtf = 3

b irrvert =|W ps
Cg= Im Ffpm
Cload_iree =|m Ffum
Ciunc =| 2.00e-016 FApm
Pstat =[ 3445003 pw
Pdyn = | 2 1EBe+003 phw

For the calculation, we use the following formulae:

2

— 6 .
tinvert - o'25kload CIoad _iandd ( )10 . Wwith
I, W
CIoad nmos = Cg_load + Cjunction
CIoad pmos = 2CIOad nmos
CIoad_inv = CIoad nmos + CIoad pmos = 3Cload nmos = 3(Cg_load + Cjunction)
Metallpitch
Cjunction - 4CJOW( )
Capacitance Dynamic Dynamic
Cox_elec =|1 Ade-014Fpré
- Cgvdd/l =| Cgv/ddd =|
il sy =|—4_4EE-D15F.-"|.erF q : an 218 ps q : an 218 p=
y - b_invert = 437 ps b_invert = 437 ps

RoCg =[355e002 ps
Eg=| 1.18e-015 Flum

Chiscel ]

Mext = I 14020 LDD doping in atdcm3

M1Pitch = | 1007 fm

(Tload_inv =] 4.71e015 F/um|>

Ciunc =| 2.00e-016 FAum
Pstat = [ 3442003y
F'I:I}'n=|2.1Ee+EIEIE pia

. -

g Ciunc =| 2 00e-016 FAum|

RoCg =[ 355002 p=
Cq =| 1.18e-015 FAum
Cload_iree =| 4 71e-05 Fhpm

Pstat=| 2442003 piw
Pdyn = [216e+003 piw

. -

The Metall pitch is manually adjusted in the “miBcavindow, as it depends of the

technology node.

The junction capacitance can be adjusted in thehftelogy flavor” menu: it is =1 fF/um
for bulk and can be manually reduced for SOI or @@ice.

Kioagis a fitting parameter and can be manually adjustéte Fitting parameter window as a
function of the connection capacitances and ofattehitecture (bulk, SOI, DG...). A good

value is between 5 and 10.

Depending of the chosédf,,q value, tier gives the inverter delay of an ideal inverter,can
ideal inverter and a heavy loaded inverter.

T. Skotnicki (ST) et al.
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| Koa=1 corresponds to an ideal inverter | Kload = | 1

3) The inverter delay for a non-ideal inverter:

1<Kpa<10 corresponds to a low loade(jgad = | 5
inverter (Ring Oscillator type)

4) The inverter delay for a hevily loaded inverter:

Kioas >10 corresponds to a heavily loadeklnad=] 10 |
inverter

5) The total inverter delay including the intercenndelay:

Finally, a total inverter delay is calculated takimto account the resistance and capacity of
the interconnects. For this purpose, the userachnst in the gate stack window the gate
resistance. The inverter delay is then correctethbfR, C, term:

Tinven = tinver‘r + Rg'Cg

This RyC, additive term is taken into account only if theéegeesistance is activated. In that
case, the user has to enter the gate resistange ealculated with the following:

Ry (Ohms) = Gate resistance(Ohms/square)*Number wdreg , and has to be calculated by
the user (depends on the layout).

| | Gate Stack | |
Darkgpace EOT = m nm
poly_depl EOT = [ 0.4 rim [theoret. = [035 nm)
MNpoly = Im Gate Doping [at/cma]
[+ | » |Phi_m =| 405 W
IG Imprave %/5i02=] 10

. i— ped. 5102 = | [
I Hik '—|_ Diel Const =] 5

4 W Fg = [ 30| Ohm >

Taotal Fringing Capa. = | 2.5e-016  Fépm
Coverlap(per side]=| 20 Z*Eg-ideal=|1.SE-D1EF.-"|.lm

Dynamic

Gate contact

Number of

P-.

Cgvdddon=]" 218 ps

| RoCa=[36e00z s | >

Claad_iny =|m FAurm
Cjunc = Im F A
Pstat = Im Pl
Pdyn =[Z216e+003 i/

. -

In the case of PMOS calculation, the inverter delgy. is calculated taking lon =
2,2.lonmos Due to different access resistances, we recomrttende the NMOS calculation
for the inverter delay evaluation.
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Static and Dynamic Power equations :

For the static power calculation, we uses the Valg formulae [1] :
Pstat :anos(l GN + IoffN) +meos(| GP + IoffP) = 3ZNVdd(I G + Ioff)
W =22\

pmos nmos

For the dynamic power calculation, we use the fithy formulae [1]:
2

Payn = —C,oad_mvvddzwith the previous calculategt: and Goad_inv
invert
[ Dynamic 1 Dynamic 1
Cavdddon=[" 218 ps Cavdddan=] 218 ps
t_invert = 437 Pz b_itert = 437 ps
RaCa =[355e-002 ps RoCa =2 55e00zZ ps
Cg =| 1.18e-015 Fépm Cg =| 1.18e-015 Fépm
Cload_inwv =| 4. M11e-015 Fiépm Cload_inw =| 4. 1e-015 Fiéum
/Egu:sm Ciunc =[ 2.00e-016 F/um
q Pstat =[ 3.44e-003] pi/ Pitat = 003
g W | P = [2T6er03 17D

The equations that are used for the delay caloumlastatic power and dynamic power are
described in the annex A (Mastar equations), anchesfound in ref [1].

[1] T. Skotnicki, Encyclopédie Technique de I'Inggur, « Circuits integres CMOS sur silicium » Catiie2 432, février 2000

ANNEX C: Pocket Module

[llustration of the Pocket Module Parameters

Angle Angle

W Y/

Ax = (R,+2AR,)sing + 2AR coH
L pocker= X —AL/2

Projected range Rp, longitudinal dispersionARp and lateral dispersionARIl are calculated with
SRIM-2003.

T. Skotnicki (ST) et al. p. 41/59



MASTAR 4 User’'s Guide

ANNEX D: Symmetrical Double Gate with common gate las

L

Figure 33: Schematic view of the planar DG devind axplanation of the principle geometry
parameters.

The specific MASTAR DG equations in detail:

. 2¢, TSi

Tgep = MIN > (2¢F _Vb)li)
AN, 2 X, =a g whereq =12

. 2¢, TSi

Taan = MG 2 (28 =) )

ij Tox el Tdep
DIBL=¢ W [T Vs

AL=2%08X,, L =L, -AL

SCE=¢21 XJ | Tora oo
= + =
L2/ L L %

NMOS _ AN T
E :VG *+Vinon _2VFB 20, ~Ysue Vin =Ves O ~ Wy +C7

eff 6T 6T ox_eot

ox_el . ox_el (iﬂ]
PMOS : P KT | KT lC K‘;
:VG +2[Vth,0n _2VFB +2¢d _l//SUP wsup B % % T : q2 NiA Oxe
o 9T0x_ el 9T0x _el
Comments:
(1) The depletion depth i&y/2 if this value is below the theoretical bulk deflat
depth value.

(2) X; — entering in the DIBL and SCE equations - isesptal to half the channel
thicknessTs;.

(3) For the electrical channel length correction thterk diffusion factor is by
default twice the bulk default value to take intzaunt the full deptf; (cf.
(2)).

(4) The effective transverse field has an additionahtdue to coupling between
both gates.

(5) The threshold voltage is decreased My, which describes the coupling
between both gates [1,2].

[1] D.Munteanu et al, Solid-State Electron. 47,922003)
[2] D.Munteanu et al., Proceedings of the 4th Esespworkshop ULIS'2003, p. 35 (2003).
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ANNEX E: FDSOI

Elevated source/drain

N\

Bulk substrate
Ngp

Figure 34: Schematic of the FDSOI device showingtireciple geometry parameters.

The specific MASTAR SOI equations in detail:

NATSsi
Xj =Tsi Vih =VFB +* @i + ¥BOX +—Cq A
0X_eot
_ ANGPTsub
If Kappa=0, then where Wgox = Cox_eot
3T .
= ﬂ|n1c{1+ _ T e
q Tsi+3Tbox+ TS  15p= ~(Tsi+3Thoy + \/(Tsi+3Tbo>92 v 2sifl - NA g2
aNgp Ngp
else
S=Slope
NMOS :
_ VG *Mihon _,VFB + @& + #BOX
Feff =6t SR | @ x)? i
ox_el ox_el _. ESj j ox_el Tsi
_ SCE=1.-5l|1+ =
PMOS : Eox I_2 L L
Eoff = VG *h,on _VEB * @ * #BOX with
9Tox_el 9Tox_el
Vg=Vvdd
(L -Tsi)3Thox
. (a*X-)2 T ITsi+p_—
DIBL = 077 Si 1+ J ox_e L —Tsi+3Thox Vdd+,8.AEIBL
£ox L2 L L 0X
with p=1 for SOI and O for bulk and DG and
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ADIBL _ Tox_eI,Tsi\/(TSi +3TbOX)2 —12

Do = - vdd

; ; DIBL _
if Tsi+3Tbhox<L thenAbOX =0

Comments:

(1) X is set by default equal ;.

(2) In case of fully-depleted SOI an additional tetr, appears in the threshold
voltage to take into account the possible depletinder the buried oxide in
the case of thin BOX. &b is the doping level under the BOX.

(3) In the case of elevated LDD regions, tiemight be smaller thaif;. In this
case the parametercan be set < 1 with describing the ratio betweef and
Tsi.

(4) In the equation of the subthreshold slope, an ewdit term accounts for the
capacitance of the BOX.

(5) The parametep is efficient only in SOI model and th&y s sox term has
been added to take into account the observed DIBte@se with increasing
BOX thickness due to drain — channel coupling tgtothe BOX. (cf. 31 -
33).

(6) A comparison between DIBL values obtained by TCAMD ag MASTAR is
presented Figure 33 confirming the validity of MASTAR modeling.

/ i N
Figure 35 lllustration of the DIBL increase with BOX thickegto drain — channel coupling through

the BOX which is taken into account by the fag@nd theAp g 1s0x term: (a)-70nm BOX; (b)-10nm
BOX.
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Figure 36: Comparison of TCAD simulation and DIBdlaulations by MASTAR for FDSOI devices
with Tgox = 10nm and Eox = 145nm, (N, = 7.5e18crit and T, = 1.6nm and ¥:=0.8V).

DIBL(V) Vd0.8V

0.35 {----Lg22nm
- =-=--Lg40nm
- =---Lg70nm
0.3 {—e—Lg22nm
—o—1Lg 40nm
—o—1Lg 70nm

- -- TCAD simulation
— MASTAR

_______

0.25
Tsi5nm
0.2 1 Tox 16A
015 - Nch 7.5e18cm-3
Poly gate
0.1 - vd 0.8V
0.05 +
0 ‘ ‘
0

Figure 37: lllustration of the good matching betwe€GAD simulation and DIBL calculations by
MASTAR for FDSOI devices with variablgof between 10nm and 145nm (/& 7.5e18crit and Ty
=1.6nm and Y;=0.8V).

ANNEX F: High-K oxides impact on SCE, DIBL, Gate Leakage

Improvement

SCE and DIBL

and mobility

In the case of High-K oxides, the fitting paramet@randd{,, which are used
for the calculation of DIBL and SCE are slightly ieased. Indeed, based on TCAD

T. Skotnicki (ST) et al.
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simulations, we use the following substitutions both parameters when the High-K
module is activated:

Zl ->Z1 * (1+kDIBL* (]1*((T0X + PedS|Q)-20A) aveca; = 0.015

Zz ->Z2 * (1 +ksce* GZ*(Smean_ 15)) avem, = 0.0078
This substitution is valid in the range of 18gcan< 30 and 20A < T + ped.SiQ <
50A which is the usual range for High-K oxides. &gfault, theksce andkpis. take
the value of 1, but can be adjusted or even sél to the booster characteristics
window (cf. Figure 10).

2 3
: : ' T F highkx
F | High-K N | |
- I 1 N 21 SOz I oo
S Y S i 3 ST e
- [ ]

N I _ ! ~ g Ll At !
I Sio, 1 T ] i
I 1 L1 I I

O [ SR L [ O N [
0 10 20 30 40 50 0 10 20 30

Tox €

Figure 38: Evolution of the DIBL and SCE fitting faxs z1 and z2 as a function of the total physical
gate oxide thickness and dielectric constant aciegrtéb TCAD simulations.

Gate Leakage Improvement

The objective of the use of High-K oxides is theuatbn of the gate leakage current.
The oxide leakage of High-K oxides is very difficiti asset as it depends on a
number of parameters such as pedestal oxide théskrndgh-K oxide thickness,
barrier heights, process conditions etc. For MASTAR follow an empirical
approach which is justified by the literature ddkee best gate leakage data follows an
exponential curve when plotted as a function of E@ET value just like the SiQdata
(cf. Figure 39). Thus, we can introduce a technpliogprovement factor for the gate
leakageTIFwigh-k With respect to Si@as a function of the EOT value (which is the
physical equivalent thickness without poly-depletand dark space).
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Figure 39: Literature trend for the gate oxide leale in High-K oxides with respect to $iO

This factorTIFigh.xk(EOT) also follows an exponential curve and can be eutzted
— knowing or estimating the gate leakage improven@mtwo distinct EOT-values -
the in the following way:

TIF, gy (EOT) =107

with

m= log(TIF, g, « (EOT,)) —log(TIFq, « (EOT)))
EOT, - EOT,

and

C =10g(TIF g  (EOT,)) -m* EOT,

Default values ard1Fuigh.x = 50000 for 20A EOT and 500 for 10A EOT which
corresponds to the best literature values. Thetgesacan be changed inside the
booster window (cf. Figure 10). Note that this ftimic is only activated if the
functionality inside the gate stack window is matkeith a cross. As the reduction
depends on the ratio between the thickness ofdédegial oxide and the high-K layer,
the effective Technology Improvement Factor as appgan the gate stack module is
pondered by the following factor:

. T -
pedS|Og *TIF ox_High-K * TIFHigh_K

TIFigh-k et = : edsio T -
ion=i et ped'SIOZ +Tox_High—K peasi: pedSIOZ +T0x_High—K

where TIFped.sio2iS the Technology Improvement factor of the pedestadle with
respect to pure SO

High-K Mobility Degradation

In a similar way, the use of High-K oxides has arpact on the effective
carrier mobility. Literature data suggests thatttliekness of the pedestal oxide plays
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the major role indicating mobility degradation ftinin pedestal oxides. Therefore,
MASTAR is equipped with a mobility reduction coeféat for High-K values 0 <

Khigh-x < 1 which follows a linear trend below a criticaxide thickness. For its

calculation we use the following equations:

K hign-« (PedSIO,) =mC pedSio, +C
with
Kiigh-k (PedSIO,;) = K g (PEASIO,, )
pedSio,, — pedSiO,,

and
C = Kyjgn« (PedSIiO, ) —m* pedSiO,,

whereKigh-k can only adopt values between 0 and 1. DefaultegasreKyigh.k = 0.6
for ped.SiQ = 5A andKyigh.k = 1 for ped.Si@= 15A. These values can be modified
inside the booster window (cf. Figure 10). In tlacalations, this factor is used as a
multiplicative factor for the effective mobility aulation if the corresponding case
inside the gate stack window is marked with a cross

ANNEX G: New Slope - description of the model

Normally, the sub-threshold slope is defined byftil®wing equation:

sz(a'_dJ KT (10)EE 1 an]
av,

For long channel devices:

S= %T n(10) [E1+ iT_j =Cte

ox ' dep

However, this model does not explain the Sub-tlokekklope degradation which is
observed for short channel devices. The use oiVibleage-Doping transformation
(VDT) enables to take into account the variationthad equivalent depletion charge
with @ which is responsible for the degradation of the-gueshold slope [1].
According to [1], the new equations used are:

S-—Eﬂn(lO)EE )J

The depletion chargesl@nd Q are calculated faps;= @ and forgs= 2¢= using the
VDT:

Q,-Q, =0Q=~ chh(Tdep2 depl) qX ( N;hz)
Classical term New term
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Slope

with Tdep and Iy, calculated from the VDT [1, 2]

* . 1/2
Tdep= (q(Nch B Nch)l:)(J2 + Zﬂ,gsj
chh
. 2e Vds
Nch = Nch - 2
qleg

vds =Vds+2(g, —a@)+2|(@, -a@ )Vds+ ¢, -ag,)
Empirically, a is found to lead to the best agreement with nuraésimulations and
experimental data by being put equal to:

T, 2¢
a:i 1+ﬂ ,Wlth TdepO = ;%
2 2 eff qN ch
As illustrated in the above figure, this new tesmasponsible for the increase of the
sub-threshold slope in small devices.

[1] R Gwoziecki and T. Skotnicki, "Physics of thebgureshold slope - initial improvement and final
degradation in short CMOS devices", proc. ESSDER®&3$642, 2002.

[2] T. Skotnicki, G. Merckel et T. Pedron, « Thelige-Doping Transformation : A New Approach to
the Modeling of MOSFET Short-Channel Effects”, Etea Device Letters, Vol 9, N° 3, 1998

ANNEX H: Access resistance

Description of the model

The access resistance model included in MASTARaisetd on the series of paper
published by S.-D. Kim, C.-H.M. Park and J.C.S. Wbel], which describe one of
the most complete models for the access resistance.

The total parasitic resistance is divided into fowaor components:

T. Skotnicki (ST) et al. p. 49/59



MASTAR 4 User’'s Guide

- Rov (overlap resistance), which corresponds to thesteexce of the source drain
extension region situated under the gate and shadti part of the channel

- Rext (extension resistance), which corresponds to #séstance of the extension
region situated under the sidewall spacer.

- Ryp (source/drain resistance), which corresponds toréisestance of the diffused
source/drrain region.

- Reont (CONtact resistance), which corresponds to thisteese of the silicon-silicide
interface.

Figure 40represents a schematic view of the different carepts.

E J Xpext
"I'I d

Nmaxext

. Ry

P

Figure 40: Schematic representation of the différesistance components and the associated
characteristic lengths.

Calculation details

- Roy.

Kim's model was implemented for the calculationtloé overlap resistance that is
extensively discussed in [1-5].

The equations used are the following where theofaZin Rov takes into account the
source and drain resistances that are supposedideitical:

Rov=2x| Rad + 1 (1)
1/Ra +1/Rsp_ov

Rad=|"" _dy @)
tovwov L (V)N (Y)d

Ra(2 - Lov-Wov dy (3)
0 Hac (V)N (V)

Rsp_ ov= J-Lov—Wov ILX)V( y) d ( 4)

0 (Lov-Wov-y)tana +Tc
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Figure 41 shows a close-up of the overlap regiaih &idescription of the different
parameters.

y Gate

Gate
dielectrics

Tc

Figure 41: Close-up of the overlap region with actgstion of the different parameters.

Racl and Rac2 are the resistances of the accuomulatyer in the depletion region
and extension region respectiveRg, ovis the spreading resistance of the extension
overlap.

Lov corresponds to the length of the overlap regidns Tength is determined by the
doping profile of the extension. We assumed a dt&aussian profile for the
extension that can be described by a "medium"datarrutpnessatAb, see Figure
42.

Abrupness from the
/ tangent to the doping
1E+20 ¢ P orofile at the junction

— "Medium" lateral
abruptness:
used in the model

1E+19 ©

Abuptness from the
average variation of
the doping

1E+18 |

Doping concentration (cm-3)

—— LA=7.7nm/dec

-5 0 5 10 15
x (nm)

Figure 42: Extension lateral doping profile anddaal abruptness definition

Lov is calculated in the following way:
Lov = 3/2x (log(Next) — log(Nbulk))x LatAb (5)

Note that gamma is then obtained usig@mma2xLoW/Xiext. INversely Lo, andLatAb
can be calculated from a fixed gamma using theipus\equations reversed.

W,y is the depletion region at the edge of the jumctio is calculated from a one-
sided exponentially graded p-n junction approxiomtas described in [2].

It is assumed that, betwekp, andL,-W,,, only an accumulation channel participates
to the conduction. Belov,-W,, an accumulation channel is in parallel with the
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resistance of the extension-overlap region. Foomabrupt profile, the current lines
will spread from the accumulation channel into éxéension with a spreading angle
a, see figure 2.

The mobility in the accumulation layer is calcuthfeom the model described in [6].
The accumulation concentration is obtained fromdhleulation of the charge in the
overlap Qs, itself obtained from the surface paténsee [2]. A simple analytical
model was used for the surface potential calculatiwhich is described in [5].
Knowing pac(y) and Nac(y) Racl and Rac2 were obtained using numerical
calculation. The spreading resistance was alsar@atausing numerical integration.
The accumulation layer thickness was calculatechff6]. The resistivitypov was
calculated from the extension doping (known frone tmaximum doping in the
extension the abruptness and the y-position asgumimaussian profile) and the
mobility that was deduced from [7].

- Rext:
Rext was calculated in the following way
Rext = 2x 1 (6)

1/ Rsur_ext+1/Rsp_ext

The surface resistance of the extension Rsur_exrégmonds to the resistance of the
extension region where the doping is maximal (xgkeqth, see fig. 1). The length of
the extension region is assumed to be Lsw-Ldp where is the sidewall spacer's
length and Ldp is the deep source/drain diffusgtbrelength. This gives:
(Lsw-Ldp) 7)

Xpext
Xpext is the depth in the junction where the dopiagmaximal. The spreading
resistance of the extension in the x-direction bywanerical integration of the

following equation:
Xj—Xpext-Wext

Rsp_ext= j oext(x) x (Lsw— Ldp)dx  (8)

Xpext

Rsur_ext= pextx

oext is obtained from the extension concentratiomthm x-direction and the related
mobility calculated from [7]. A vertical Gaussiamofile was also assumed for the
doping.

- Rdp:
Rdp was calculated using exactly the same equatiars for Rext, but on a length
equal to Ldp, and with the appropriate doping, jiomcdepth, and depletion width.

- Rcont:

The contact resistance was calculated from the haeeribed in [8]Figure 43shows
a schematic representation of the different comptsnef the silicon/silicide contact
resistance.

Lcon Rcsw

Figure 43: Schematic representation of the differeomponents of the silicon/silicide contact
resistance
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The contact resistance can be divided into two @orapts associated in parallel: a
"flat-bed" component Rcfb calculated using a traission line method, and a "side-
wall" component, Rcsw:

Rcont= 2x 1 9)
1/ Rcfb+1/ Rcsw
Rcfb= Pe X ; (20)
L, tanh{con/L;)
Rcsw= & (22)
Tsil

Pc is the contact resistivity, Lcon is the contacigth, Ly is the contact transfer length
and Tsil is the silicide thicknesp. was obtained from [9] assuming a pure field
emission conduction mechanism which is appropfi@teery high doping (>18 cm

3) ]

_ %
. =C,exp C,—— 13
p. =C, r{ 2 TN j (13)
with C;=2.44x10° Q.cm? (NMOS), 5.3%10° Q.cn (PMOS)

and C2= 1.2910°m*2v?! (NMOS), 1.1&10°m*2v! (PMOS).

Nif is the doping value at the interface silicoli¢gile andgb is the Shottky barrier

height.
Ltis given by:
o,
L, =| =% (14)
' (quJ
where Ry is the sheet resistance of the silicon under tméact:
Py

= 15

R (Xjdp —Wdp-Tsil) (15)

wherepj is the resistivity at the interface, Xjdp is theeg junction depth and Wdp is
the depletion width at the bottom of the deep jiomct
Finally, the total access resistance can be wréten

Racc= Rov+ Rext+ Rsd+ Rcont (16)
Finally, the results given by the model were confea to the results published in [4],
using the same input parameters in order to vaidat(figure 5). An excellent

agreement is obtained for both NMOS and PMOS, detnating its compatibility
with Kim's model
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Figure 44: Comparison of the resistance calculatef#f] to the results given by the present model.
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Annex |: Darkspace and Ek Calculation

In order to take into account the increase of theivalent oxide thickness in the

inversion regime as a consequence of the quamtizati the carrier levels in the

channel giving rise to a deserted region at thedeoxinterface, the so-called

dark-space, the Schrodinger equation is solvetientriangular quantum well in the

inversion layer using the standard Airy Model. Tqeantum well is defined by the

effective field E,, and the surface potentil!_,. The quantization of the energy levels

E, and the corresponding wave functioN (x) are determined solving the
Schrodinger equation for all valleys

1> _
[_Zm* A+V<x)jwm<x) =E,Y(3
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wherem is the effective mass of the valleglong the quantization direction.
Using these data, the total charge distributioth@inversion layer is evaluated using
a 2D description, taking into account the 6 firs¢ gy levels:

(0= 3 (I D2G, (E).f, (E)|¥,, (x) dE

valley i energy Ein

where D2G, (E) is the 2D density of state of the valleyandf_,(E) the Fermi-Dirac

distribution function. The carrier distribution meum is shifted from the oxide
interface, which induces an increase of the eqeitabxide thickness EOT. The EOT

is corrected using the following approximation:

eof, = eof+A,
where eof, is the quantum EOTeot, is the classic EOT, and, the correctionA,
is the shift of the center of the carrier distribatdue to the quantum effects.

[ (). xdlx
— 0
Aq ==
[ (¥
0
A A
H3
> Ep° 2
) LO o
T 4 H,1 e
B Lo 2 Carrier
é Eno S Center
a
W
y >x Aq >X

= Ey, Heavy carrier
E_ ;i Light carrier
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Annex J: Strained Liner Modelisation

In version 4 of MASTAR, the modelisation of stragRkéner, such as CESL, has been
re-written.

The new model is based on the analytical modelingtress component,Sand S,
induced by a tensile or compressive liner.

<% y
Mecanical Simulation ~L
Stress profiles in the channel @ .E
- . %
For ¥ long-device ’ ~ees
X (nm)
Modelisation of %2 long device g
Stress profile (Sxx,Szz) oL
X (nm)
Approximation on Analytical reconstruction ] (""‘\
profile parameters Of stress profile for any _ device length 2

Piezo model approximation

Linear combination of Stress shape
- 1 improvement value

-> lon improvement

A mathematical expression is used to fit stresspmmant
simulation data obtained for long devices. :

g )
o= tensile +0

k
1+ X
LS

Where Oiensile IS the stress component in the tensile zone ag#te edgeg. is the
stress component at the center of the channehd gypical tensile zone length, and k
represents the stress gradient between the edg¢hancknter (mainly depends on
device architecture) -

SXX

401@6&8 edge Approximation - Equation:
> V=6, g/l + (L)%,
30 ®*C,

R = 0.99576

L, 59.3nm
k, 22508
@ 65.549958MPa
q, -29.161741MPa

204

[~ _Tension —— 10
. L

G, (MPa)

|

« Stress-pocket »

Compression liner

i

y X & Blanc=Hors échellg
o a5 nes

XX
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We made the approximation than modules of Sxx armtad the same shape, and
that the same fitting coefficient could be used.

Then , stress profile is reconstructed for any ckevength. In order to avoid over-
estimation of stress component from the top ofgdwe, we add a correction term. We
assume once again the same function for this t&esulting stress profile in the
channel of various transistors fits with simulapedfiles.

50 0

404

30 Simulated -204 -+ Model
. 20
) —_~
o S -40
s w03 X L,=200n|
o ) =200ny =

N \ L . S

N ,' 604
. - . L,=80nm
109 N ! VT T
N e . +FT o
_20]stress N L e L,=60nm e
N [goim e . 80 T + . Lt
-307 2 model
30" %mo?eloxx' . . i i . . mo’e o™ m—y;—-
-100 80 -60 -40 20 O 20 40 60 80 100 Channel center
- -100 T t T
Position x (nm) 10 05 0.0 05 10

Normalized position (¥) /L

Therefore, the piezo resistivity model allows estigg an analytic model for the
mobility improvement factor.

L
_,u(x, ) 1) 1 =+ 1 - 1) et = +1
K, L L
X+— —-X+— 1+ —
14 —2 | 1+ .
S LS
Y variation in Y variation in
the tensile zone the center of

near gate eg {he channel

(stress pock

y X Blanc=Hors échelle
2 T o ETS g o5 o o5

Fitting coefficient are :
- Kppoche : mobility improvement in the tensile zone
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- Ls: typical length of the tensile zone
- K gradient of the tensile and compressive zones
- Kpcanal :mobility degradation in the compressiveezo

Agreement with experimental data is good.
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Annex K : mobility limitation in MASTAR

Mecanical Stress

Substrate Ku,sub ESL Ky,ESL

Limited to Kp,max Limited to Kp,max

Combination of stressor (additive)

Limited to Kp,max

Gate Length (nm)

High-K degradation

Function of
SiO2 pedestal , EOT ...

10000

Other source of p variation

X p reduction by high-K X W improvement (material ...)

Total pimprovement

Default parameter for mobility limitation are :

1.8 for electron
2.6 for holes

This can be modified by user in the booster tab
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