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This paper describes the improvements related ® @MOS 32 nm technology and the
implementation of this technology in Microwind35h& main novelties related to the 32 nm
technology such as the high-k gate oxid& ,g&neration channel strain, metal-gate and veryKow

interconnect dielectric is described. The perforoesnof a ring oscillator layout and a 6-transistor
RAM memory layout are also analyzed.

1. Recent trends in CMOS technology

Firstly, we give an overview of the evolution ofportant parameters such as the integrated circuit
(IC) complexity, gate length, switching delay amgsly voltage with a prospective vision down to the
11 nm CMOS technology. The naming of the technologgles (130, 90.. 11nm) comes from the
International Technology Roadmap for Semicondudidi®S2009]. The trend of CMOS technology
improvement continues to be driven by the need to

- Integrate more functions within a given siliconare

- Reduce the fabrication cost.

- Increase operating speed

- Dissipate less power
Table 1 gives an overview of the key parameterddonnological nodes from 130 nm, introduced in
2001, down to 11 nm, which is supposed to be indyction in the 2015-2018 timeframe.
Demonstration chips using 32-nm technology haventreported by Intel in 2008 [Natarajan2008],
and IBM in 2008 [Chen2008].

Technology node 130 nm| 90 nm 65 nm 45 nm 32 nm 2n | 16 nm 11 nm
First production 2001 2003 2005 2007 2009 2011 2013 2015
Effective gate 70 nm 50 nm 35 nm 30 nm 25 nm 18 nm 12 nm 9 nm
length

Gate material Poly Poly Poly Metal Metal Metal Dual | Triple?
Gate dielectric SiQ SiO, SiION High K High K | High K High K High K
Raw Mgates/mm 0.25 0.4 0.8 15 2.8 5.2 9.0 16.0
Memory point (i) | 2.4 1.3 0.6 0.3 0.17 0.10 0.06 0.06

Table 1: Technological evolution and forecast uR®d5
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ARM, CHARTERED, IBM, SAMSUNG, and SYNOPSYS have egment to develop a 32-nm
technology enablement solution for the design aadufacture of mobile Internet-optimized devices
[Common2009]. Mass market manufacturing with teishhology is scheduled for 2011.

The gate material has long been polysilicon, wilica dioxide (SiQ) as the insulator between the

gate and the channel (Fig. 1). The atom is a cdamemeasuring stick for this insulating material

beneath the gate, commonly known as gate oxidehén90 nm technology, the gate oxide was
consisting of about five atomic layers, equivalenti..2 nm in thickness. The thinner the gate oxide,
the higher the transistor current and consequehéyswitching speed. However, thinner gate oxide
also means more leakage current. Starting witl®@men technology, SiO2 has been replaced by SiON
dielectric, which features a higher permittivitydanonsequently improves the device performance

while keeping the parasitic leakage current witléasonable limits.

Starting with the 45-nm technology, leakage redurctias been achieved through the use of various
high-K dielectrics such as Hafnium Oxide Hf@=12), Zyrconium Oxide Zr®(g,=20), Tantalum
Oxide TaOs (er=25) or Titanium Oxide Ti@(er=40). This provides much higher device performance
as if the device was fabricated in a technologgpgisonventional Si©with much reduced “equivalent
SiO, thickness”.

The High-K dielectric enabled a thinner “equivateakide thickness (EOT) while keeping leakage
current low. The “equivalent oxide thickness” EGTdefined by Equ. 1. For the 32-nm technology,
the high-K permittivity declared in the rule fils L0 (Parameter “GateK”). The physical oxide
thickness is 2.5 nm, and by applying Equ. 1, EOI.@snm. These parameters are in close agreement
with those given by [Chen2008] (1.2nm) and [Na&m2p08] (0.9nm).

Gate Dielectric High voltage Technology
Thickness (nm) MOS (double addressed in th
gate oxide) application note
10nm

1nm B -
F Low voltage e
* MOS (minimu 22nm 180m11nm

— gate oxide)
B - i € =7-20)
PR A — SION €=4.2-6.5); ------- —
Si02 €=3.9) o
T Year
1995 2000 2005 2010 2015

Figure 1 : The technology scale down towards nacadesdevices
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Production

1995 2000 2005 2010 2015

Figure 2 : Technology ramping every two years idtroing the 32 nm technology

EOT :{ £sic2 thigh_k} (Equ. 1)

‘ghigh—k
Where
€sioz = dielectric permittivity of SiO2 (3.9, no unit)
€highk = High-K dielectric permittivity

thigh-« = High-K oxide thickness (m)

In the 32-nm technology node, most IC manufactusesso called “HK-MG” gate stack, meaning a
combination of high-K dielectric and metal gateMB2nm use Hafnium Oxide to obtain an EOT
close to 1.0 nm, and Intel claims an EOT of 0.9(8n).

At each lithography scaling, the linear dimensians approximately reduced by a factor of 0.7, and
the area is reduced by factor of 2. Smaller cebtsiead to higher integration density which hasrri

to nearly 2.8 million gates per nm the 32-nm technology.

The integrated circuit market has been growing ditedor many years, due to ever-increasing
demand for electronic devices. The production tégrated circuits for various technologies over the
years is illustrated in Fig. 2. It can be seen thatew technology has appeared regularly every two
years, with a ramp up close to three years. Thdyation peak is constantly increased, and similar
trends should be observed for novel technologieb as 32-nm (forecast peak in 2013).

2. Transistor performances in 32-nm technology

Key features

Several 32-nm processes have been introduced musamanufacturers [Arnaud2008], [Chen2008],
[Diaz 2008], [Hasegawa2008], [Natarajan2008], assirgy different types of applications: IBM 32-
nm technology is addressing low power applicaticugh as mobile communication devices
[Chen2008] while Intel is targeting high-performamicroprocessors [Natarajan2008].
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Parameter Value

Vo (V) 0.8-1.1V
Effective gate length (nm) 25-35
lon N (uA/um) at 1V 1000-1550
lon P (WA/um) at 1V 500-1210
loff N (nA/um) 0.1-200
loff P (nNA/um) 0.1-100
Gate dielectric HfQ@ SiON
Equivalent oxide thickness 0.9-1.2
(nm)

# of metal layers 6-11
Interconnect layer

permittivity K 24-3.0

Table 2: Key features of the 32 nm technology

Depending on the manufacturer, the transistor aklammange from 25 nm to 35 nm in length (25 to 35
billionths of a meter). Some of the key featureshef 32-nm technologies from various providers are
given in Table 2. Compared to 45-nm technology,tB&nm technologies offer:

» 30 % increase in switching performance

* 30 % less power consumption

» 2 times higher density

* X 2reduction of the leakage between source and drad through the gate oxide

Gate Material

For 40 years, the SiO2 gate oxide combined witlygiladon have been serving as the key enabling
materials for scaling MOS devices down to the 90taahnology node. The gate dielectric thickness
has been continually reduced to match the contimueguirements for improved switching
performance, but the leakage current between dminte and the gate became prohibitive.
Consequently the oxide which has replaced, O, or HfSION (Hanium dielectric and silicate),
featuring K between 16 and 24. Dielectrics withreveégher permittivity (TiQ, K near 80) are not
used, as such materials induce severe parasititradetunneling [Skotnicki2008]. The optimum
combination of high dielectric materials with mefghte materials features outstanding current
switching capabilities together with low leakagacreasedon current, decreasedff current and

significantly decreased gate leakage are obtaintdtiis novel combination.
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Low resistive
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Figure 3: The metal gate combined with High-K oxidaterial enhances the MOS device performanceringe
of switching speed and significantly reduces tlagdge

Strained Silicon

Strained silicon has been introduced starting wieh90-nm technology [Sicard2006], [Sicard2007] to
boost carrier mobility, which enhances both theharmel and p-channel transistor performances
Figures 4 and 5 illustrate the strained silicomgples for NMOS and PMOS transistors respectively.
PMOS transistor channel strain has been enhancétci®asing the Germanium (Ge) content in the

compressive SiGe (silicium-germanium) film. Bothrtsistors employ ultra shallow source-drains to
further increase the drive currents.

Gate
Horizontal
Gate strain created
oxide by the silicon

nitride cappin |:>
layer e <:| |:>
— py—
Drain M/Q/} Drain
(Si) Source ; o o o ".“ (Si)

/00007 " /o000’

Source

(Si)

\
N
\
Electron movement is slow - Electron movement is faster
as the distance between Si as the distance between Si
atoms is small atoms is increased

Figure 4: Tensile strain generated by a silicorrdié capping layer increases the distance betweemsa
underneath the gate, which speeds up the electadnility of n-channel MOS devices
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Horizontal

the pressure
oxide created by the
uniaxial SiGe
\ strain \
soe SO @ @

[$00000¢z

Si SiGe

Hole movement is slow as Hole movement is faster as
the distance between Si the horizontal distance
atoms is large between Si atoms is reduced

Figure 5: Compressive strain to reduce the distamewveen atoms underneath the gate, which speetiteup
hole mobility of p-channel MOS devices

Let us assume that the silicon atoms form a reglatiice structure, inside which the carriers
participating to the device current have to flowthe case of electron carriers (NMOS), stretchiireg
lattice (by applying tensile strain) allows theatiens to flow faster from the source to the drais,
depicted in Fig. 4. The mobility improvement extsba linear dependence on the tensile film
thickness. In a similar way, compressing the lattitightly speeds up the p-transistor, for which
current carriers consist of holes (Fig. 5).
Intel has introduced a so-called “Replacement M&ate” (RMG) process flow in its 32 nm
technology node [Natarajan2008] to further increthgechannel strain, which consists of forming the
Poly-Si gate first (Fig. 6a), then removing theeggig. 6b) and then fabricating the Metal gatey(Fi
6c). The combination of reduced channel lengthretesed oxide thickness and enhanced channel
strain achieves a substantial gain in drive curf@nboth nMOS and pMOS devices.

Gate
removed Metal

Gate
Gate Gate
oxide oxide

\H_ﬁ \
ﬁ> <: ﬁ> <: |

Moderate compressiv Increased compressi' Increased compressiy
strain strain strain

(a) (b) (9)

Figure 6: Increased p-channel MOS strain using ersi@ed poly gate and replacing it by metal gate
[Natarajan2008]
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MOS types

Some 32-nm technologies comprise as much as 18 ofpelOS devices (i.e. 20 devices in total). In
Microwind, only three types of MOS devices (3 nM@JMOS, 6 MOS devices in total) exist in the
32-nm technology :
» the low-leakage MOS is the default MOS device,
» the high-speed MOS has higher switching performatitanks to a shorter effective
channel length, at the price of a much higher Igaka
» the high voltage MOS used for input/output inteirigc In Microwind’s cmos32nm rule
file, the I/O supply is 1.8 V. Some foundries afgsopose 2.5 V and 3.3 V interfacing.
The main objective of the low leakage MOS is taurdtheloff current significantly, that is the small
current that flows between drain and source witlker@ gate voltage (See Table 3). The price to pay i
a reducedon current. The designer has the choice of using-ggged MOS devices, which have high
loff leakages but largen drive currents. More details are provided in thiéofving chapters.

N-channel MOS device characteristics

Microwind version 3.5 is configured by default tet32-nm technology. This technology uses a stack
of high-k dielectric and metal gate (TiN). Layowtsd cross-sections of two varieties of n-channel
MOS devices are given in Fig. 7 and 8, where tigbpeed device has a reduced channel length (26
nm instead of 32 nm). Although the high speed NM@S a slightly shorter channel, it is drawn with
exactly the same size as the low leakage NMOS. WS gate is capped with a specific silicon
nitride layer that induces lateral tensile charstedin to improve electron mobility. The pMOS gtrai

is based on SiGe diffusion and Replacement Mett¢ GaIMG). Key parameters for the MOS devices
are shown in Table 3.

Figure 7: Layout of the low-leakage and high-spb#dS devices (Mos/allMosDevices.MSK). Dimensions are
identical (2 lambda length).
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Figure 8: Cross-section of the nMOS devices (MdfaDevices.MSK)

Parameter NMOS NMOS
Low leakage High speed
Drawn gate length (lambda) 2 2
Drawn gate length (nm) 36 nm 36 nm
Effective gate length (nm) 32nm 26 nm
Threshold voltage (V) 0.25 0.25
lon (mA/pm) at VDD=1.0V 0.95 1.35
loff (NA/pum) 2 200
Table 3: nMOS parameters featured in the CMOS 32eutmnology provided in Microwind v3.5
il lon=1.35 m
1480, ‘Fﬁfw , ,
) 1450 | |
1:33 | |
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oo ————— on=u.9>m g oo maximum current
11dﬂ M.’v‘U
~ s =
oy o | e e R
ann: e :SE ------------ P
o = 50 i
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. -7 zzs s
550 55[|‘
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mn: ~ 400, ¥, it
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(a) Low leakage W=1pm, Leff= 32nm (b) High speediYAmn, Leff= 26nm

Figure 9: 1d/Vd characteristics of the low leakamyed high speed nMOS devices. Note thaf,=36nm in both
cases. The effective length is significantly smédlethe high speed MOS
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(a) low leakage MOS (Leff=32 nm) (b) high spedIMW=1 um, Leff=26 nm)

Figure 10: 1d/Vg characteristics (log scale) of thev leakage and high-speed nMOS devices

The I/V characteristics of the low-leakage and Fsgked MOS devices (Figs. 9 and 10) are obtained
using the MOS model BSIM4 (See [Sicard2007] for enoiformation about this model). The I/V
characteristics reported in Fig. 9 demonstrate that low-leakage NMOS has a drive current
capability of around 0.95 mA for W=1.0 um at a agk supply of 1.0 V (0.95 mA/um). For the high
speed NMOS, the effective channel length is sligreduced (26 nm instead of 32 nm), to achieve a
drive current around 1.35 mA/um.

The drawback associated with this high currentedisvthe leakage current which rises from 2 nA/um
(low leakage NMOS) to 200 nA/um (high speed NMQ&),seen in the Id/Vg curve at the X axis
location corresponding to Vg= 0 V (Fig. 10).

P-channel MOS device characteristics

The PMOS drive current in CMOS 32-nm technology (o Table 4) is around 600 pA/pum for the
low-leakage MOS and up to 1000 pA/um for the highesl MOS. The leakage current is around 1
nA/um for the low-leakage MOS and nearly 100 nAfjomthe high-speed device.

Parameter pMOS pMOS
Low leakage High speed

Drawn gate length (lambda) 2 2

Drawn gate length (nm) 36 36
Effective gate length (nm) 32 26
Threshold Voltage (V) -0.27 -0.25

lon (mA/um) at VDD=1.0V 0.60 1.00

loff (nA/um) 1 100

Table 4: pMOS parameters featured by the 32-nm Ck©ishology provided in Microwind v3.5
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MOS Variability

One important challenge in nano-CMOS technology@ess variability. The fabrication of millions
of MOS devices at nano-scale induces a spreadirgyvitthing performances in the same IC. The
most important parameters affected by process hilitjaare the threshold voltage, the carrier
mobility and the effective channel length. Variagcare handled in Microwind using random values
in a Gaussian distribution, which is expressed Hey formulation of Equ. 2. An illustration of the

variation in electron mobility (parameter UO) faranly a thousand MOS device samples is reported in
Fig. 11.

1 e
f =me 20° (Equ. 2)

where

f = probability density of the random variable (xsaixi Fig. 11)
X = variable (y axis in Fig. 11)

o = deviation

m = mean value

N-Channel MOS mobility (x 0V. cm ™) Value N
Deviation
a0 B
g == U0=320 V.cn?
4.0 e |
ad il i 250 'r—_ Mean value
i | =
U0=320 V.cn? 200 4 -
Bl © Probability

2.0 . £4(x)
7 Tpoo [EH] .91

-0.50 -

1.0 -1.00 4
-1.50 4
-2.00 4
00 -2.50 +
500 1000 200 4

-3.50 -

-4.00 -

MOS sample number

Figure 11: The extracted mobility of 1000 MOS sashows an important variability around 320 VZm

The effect of process variability on the MOS |affilcharacteristics is plotted using the menu “Usff
lon” under the “"MOS I/V curve” menu (Fig. 12). lac be seen that the MOS devices have a wide
variability in performances. The 3 MOS types (I@akage, high speed, high voltage) are situated in
well defined space in the loff/lon domain. The lteakage is in the middle (medium lon, low loff),
the high speed on the upper right corner (high fagh loff), and the high voltage is at the lowett |
side of the graphics (lowon, very lowloff). Note that the exact locations of the dots whlaege for
each MOS characteristics plotted because it isdom process.
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Figure 12: loff/lon calculated by Microwind on 18amples of n-channel MOS with random distributioD,
U0, and LINT with a Gaussian distribution aroune thominal value
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Figure 13: Finding compromises between high cur@nte and high leakage current

Concerning “worst case” and “best case”, noticé tha
- Slow devices have high VT, low mobility UO and loctgannel (LINT>0)
- Fast devices have low VT, high mobility UO, andrslebannel (LINT<O)
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3. Interconnects

Metal Layers

As seen in the palette (Fig. 14), the availableaiayers in 32-nm technology range fronetallto
metal8 The layemetallis situated at the lowest altitude, close to ttkva device, whilemetal8is
nearly 5 um above the silicon surface. Metal laygeslabeled according to the order in which they

are fabricated, i.e. from the lower leveidtal]) to the upper levehfetalg.
x|
PEEER
i R ES SREE
TtV

Options

Metal B

B

F O O S S S S G SR R R A S S R G §

Metal 7

hetal &
Metal 5
hetal 4
Metal 3
Metal 2

Metal 1
Metal gate TiM gate2 [l
introduced Cortact
starting at 45- \_\ T oot M
nm nod P Ditfusion [l
i Ditfusion 3

el
Text A

Figure 14: Microwind window with the palette of &g including 8 levels of metallization

In Microwind, specific macros are accessible toeetie addition of contacts in the layout. These
macros can be found in the palette. As an examye, may instantiate a design-error free
metal7metal8contact by selectinghetal8 followed by a click on the upper right cornerncm the
palette. Ametal7metal8 contact is depicted in Fig. 15. Additionally, asseto complex stacked
contacts is possible via the icon "complex contegitaated in the palette, in the second columthef
second row. The screen shown in Fig. 16 appears we click on this icon. By default it creates a
contact from poly tanetall and frommetallto metal2 Tick more boxes “between metals” to build

more complex stacked contacts.

Metal7/Metal8 contact macro Metal7 Metal8 Via7

Figure 15: Access to contact macros between mayalrs
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Figure 16: Access to complex contact generator

Contact

Contact pol-metal- g Metal5..metal8

..-metal8

Contact
P+diff/metall..metal5

Contact
poly/metall..metal3

Figure 17: Examples of layer connection using tbeplex contact command from Microwind (Intercongsect
/Contacts.MSK)

Each metal layer is embedded into a low dielectidde (referred to as “interconnect layer
permittivity K” in Table 2), which isolates the less from each other. A cross-section of a 32-nm
CMOS technology is shown in Fig. 17. In 32-nm teadbgy, the layersnetall.metal4 have almost
identical characteristics. Concerning the desidesiithe minimum widthv of the interconnect is 3

(3 x 18 nm = 54 nm) and the minimum spacing }s(4 x 18 nm = 72 nm). The metal pitch i3, ,that

is 126 nm. Intel 32-nm CMOS technology specifiesimailar value (112 nm) [Natarajan2008], while
IBM specifies 100 nm pitch for metal 1 and 200 mnrhetal 2.
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Figure 18: The Help > Design Rules menu of Micrai@b5 gives details of the most important desidesu

Layers metal5 and metal6 are a little thicker and wider, while layersetal7 and metal8 are
significantly thicker and wider, to drive high cents for power supplies. The design rulesnietal8
are 15\ (0.27 pm) width, 2@ (0.36 um) spacing (See Help > Design Rules, RBYy. 1

Interconnect Resistance
At minimum width (3A x 18 nm = 54 nm), the interconnect resistanceneflower metal layers is
around 7Q/um (Fig. 19), close to the value announced by lfmemetal 2 (8Q) [Natarajan2008].

Metal layers 1 to 3 have the same dimensions asidrieules, and consequently the same resistance.

x|

evice | Optic 4| » |

‘ ‘ Node "metal 1 =

tal - Property: variahle
= Notin simu
F oonw
‘. o S metald - . . . o . . ‘ O e 7 ohm
M — AT

I gn0nH

Extract circuit

metal 1,
< |--Node Properties-—-
CAPADTTE)
Metal Capa:.i1 T
|- Crosstaik :0.00 fF
Diffusion :0.00 fF
<|.cate 000 F
RESISTANCEX 7ohm)
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Figure 19: Computing the wire resistance (Intercects > metall-5.MSK)
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Analysis  Help

Wl Design Rule Checker Ctrl+D
Find Floating Modes

Global Crosstalk Evaluation
Glabal Delay Evaluation
Parametric Analysis

210 Measure Distance

Resonant Frequency
Intercannect analysi

Note that the resistance computed in Microwind fi2invalues gives a smaller value for lower metal
layers than that mentioned above. Clikalysis — Interconnect Analysis with FEM. For metal 1

up to metal 3, a value of 3@/um is obtained, assuming entirely copper intereshifFig. 20). The
reason for getting a higher resistance in praétidbat the real conductor is a combination of &pp
and higher-resistivity material mandatory for thgerconnect process, which almost doubles the

resistance (Fig. 21).

~Conductor votage:

Vo1: 100 Vak2 |00

T e
s C1=82 458 (F/mm

Aphy | Cplate=8.850 F/mm
£12:#0,000 fF /o

L =0 474 nH/rum

R-=0172 ohm/squase

R =340 000 chin/o |

Gl Compule Fiskd | ¥ Close l

Figure 20: Extraction of the wire resistance usfihgterconnect Analysis with FEM”

 SNSEEESS Metal 1
(copper)
Metal 1
100 / (copper) 100
nm nm )
Low K & Low K High
oxide oxide resistance
layer
\ «—> \ «—>
3.A(56 nm) 32(56 nm)
In the computation of the In reality, only part of the
resistance, assuming the interconnect layer is made
entire layer to be copper up of copper, this leads to 7
leads to 3.42um Qlum

Figure 21: In reality, the lower metal layers fegda higher resistance, because the entire layaotsmade up
of low-resistivity material
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Interconnect Capacitance

An average value of 0.2 fF/um is found in the &tare for metal 2 capacitance. Some details are
given by Intel [Natarajan2008]. The usual setupsegis of routing the lower and upper metal layers
(resp. metal 1 and metal 3) at minimum pitch, aswshin Fig. 22, which is close to a realistic case.

Consequently, the metal2 capacitance is much higbempared to when it is routed alone without

surrounding metal interconnects. Note that the stalls capacitance, i.e. the capacitance between
adjacent wires, is also quite large at minimumipitc

Figure 22: The interconnect capacitance is evaldatssuming that multiple wires are running belowd above
the layer under consideration (Interconnects > M&{a.MSK)

ol

Configuratior
===z
Lager:  [wetaz =]
width | T

heigth: 01 um
thickness:  [0100 ym

spacing : 0.072 um
Low K: 2.30

Conductar volage
Wolt1: 11.00 Walt 2:|0.0

Compul

£1-30.366 /i
Cplate=19.116 fFrnm
] ) C12 =42.244 tF /o

L =0.330 nH/mm
[Gsll R g172 chmsoae

R =3186.185 ohm/mm

(@ Compute Fick! | ¥ Close |

Figure 23: Realistic setup for evaluating metalfat@wapacitance
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The toolAnalysis - Interconnect analysiswith FEM may be used to evaluate the capacitance of
such an interconnect. We select “metal 2" and tiom i“Two conductors between 2 ground planes”
situated at the upper right corner of the windowe Tefault distance to ground (height) is 0.4um,
which corresponds to the distance from substratedtal2. In the situation illustrated in Fig. 2Bet
distance between metall (considered as ground)ratdl2 is much smaller: 0.1 pm. Consequently,
we modify the height to 0.1um and find C1=89 fF/rmand C12=42 fF/mm. As the setup considers one
capacitance to ground and 2 possible crosstalktdta capacitance is 0.173 fF/um, close to the
values measured by Intel:

C, =C, +2C,, =173fF /mm=0.173fF / pm (Equ. 3)

tot

4. Designing in 32 nm technology

Ring Inverter Simulation

The ring oscillator made from 5 inverters, as shamrFig. 24 (INV5.MSK), has the property of
oscillating naturally. It can be simulated at latytavel in Microwind using various technologies. We
shall observe the oscillating outputs of the circlar various technologies and measure their
corresponding frequencies. The time period anduftaqy of the output signal are displayed in the
Analog Simulation window (Fig. 25) if the “Frequsfidox is selected. When running simulation you
may observe the frequency of oscillation to beidhit lower, increasing gradually with time and
settling to the stable values reported above. Toerdt is important to run the simulations for ¢gpn
enough so that the correct (stable) oscillatingdescy can be observed.

Ring oscillator with & inverters

Figure 24: Schematic diagram and layout of the rasgillator used for simulation (INV5.MSK)
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32 nm technology
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Figure 25: The simulation always starts by a “waup® phase (1.0 ns). Click “More” to run more simdian
(Inverter > INV5.MSK)
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Figure 26: Oscillation frequency improvement witle technology scale down (Inv5.MSK)
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Memory point : 2.4 ufn

Memory point : 0.17 pfn
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Gate delay \ - 45nm: 7 ps
09) e Technology
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100
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180 120 90 65 45 32 22 17

Technology generation (nm)

Figure 27: Comparison of gate delay for varioushiealogies used in Microwind

The desired simulation duration can be selectenh fise drop down menu that appears under the
“Time Scale” menu of the Simulation window. Remembe click the “Reset” button under the
“Simulation” menu so that simulation results arzaghed for the selected duration. The time-domain
waveforms of the outputs of the ring oscillatorFig. 24 are reported in Fig. 26 for 0.8 um, 0.18 um
and 32-nm technologies (high-speed option). Altotite supply voltage (VDD) has been reduced
(VDD is 5V in 0.8 pm, 2V in 0.18um, and 1.0 V in-B8f), the gain in frequency improvement is
significant.

Use the commanéile - Select Foundryto change the configuring technology. Sequentisdliect
the cmos08.RUL rule file which corresponds to the CMOS 0.8-pmhtedogy, thencmos018.RUL
rule file (0.18um technology), and eventuatiymos32nm.RUL which configures Microwind to the
CMOS 32-nm technology. When you run the simulatiobserve the change of VDD and the
significant change in oscillating frequency (Fi§)2

In Fig. 27, we plot the gate delay per stage foioues technologies, as computed using Microwind on
a 5-inverter ring oscillator. We divide the onedeydelay by the number of stages to obtain the gate
delay plotted in Y axis. We can observe that thprowement in switching delay with technology
scaling is significant although not impressive. ustrecall that the cell density has been imprdwed

a factor of 10 between the 120 nm generation aa@2nm generation.
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High Speed vs. Low leakage

Let us consider the ring oscillator with an enatifeuit, where one inverter has been replaced by a
NAND gate to enable or disable oscillation (Inv5BleaMSK). The schematic diagram of the
oscillator and its layout implementation are shawifrig. 28. We analyze its switching performance
using high speed and low leakage MOS devices. @hdts are summarized in Fig. 28.

As shown in Fig. 29 the box "Scale | log" must ldested (ticked) to display the current in
logarithmic scale. To select the “high speed” @mwlleakage” MOS devicelick inside theoption
layer boxin the layout which surrounds all the oscillaterites, and then select “high speed” or “low
leakage” in theNavigator window. These actions are illustrated in Fig. $dom the analog

{Supprimé 128

GHz) but consumes a significant amount of standigeat, i.e. when it is off (around 100 nA).

Ring oscillator with 4 inv and one nand gate

Figure 28: The schematic diagram and layout ofrihg oscillator used to compare the analog perfonues in
high speed and low leakage modes (INV5Enable.MSK)
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Figure 29: Simulation of the ring oscillator in liggpeed mode (left) and low leakage mode (rign. T
oscillating frequency is higher in high-speed mbdethe standby current is also high (InvSEnablekiy1S
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Figure 30: Changing the MOS option into low leakagede

The low-leakage mode features a little slower t@in (23 GHz, that is approximately a 40% speed
reduction) and nearly 2 decades less standby dugsemneral nA after a delay). In summary, low
leakage MOS devices should be used as defaultetewbenever possible. High speed MOS devices
should be used only when switching speed is clitica
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Simulation of Process Variations (PVT)

rSimulation
Reset

= Mare
@ Print

Microwind 3.5 gives access to “Process-Votage-Teatpee” (PVT) simulation through the

commandSimulate - Simulation Parameters — Process Variations Direct access from the
simulation waveform window is also possible usihg tutton“Process Var.”. The most usual
simulation consists of simulating extreme situatiofMin and Max), as compared to typical
conditions, as shown in Fig. 31. The parametridgati@mns are summarized in Table 5. In Fig. 31,
nearly 100% variation is observed between the padoces under Min and Max situations.

0 =0l x|
0.8s
Edractor Optons | Models, Farameters Process Variations |
[~Typical,in or Ma
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 hinirmm (iow, high (8 paratire, iovi votage)
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8525 5 0 5 25 38
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Ot thickness —
TR AN L
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““““ 23815 23875 23875 23.87C
-Bupply voltage variation
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oo e o
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oK
ra 00
T ~Iol 1 i
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1]

Figure 31: PVT Min-Max simulation showing 100% ‘eion in switching performances
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Notice that
« In Min situation, VT is high, mobility UO is low ahthe channel is long (LINT>0). The
supply is minimum and the temperature is maximum.
- In Max situation, VT is low, mobility U0 is high drthe channel is short (LINT<0). The
supply is maximum and the temperature is minimum.

Parameter Parameter Symbol Unit Min Typ Max
class (BSIM4) (32-nm) (32-nm) (32-nm)
Process Threshold VT \% 0.30 0.25 0.20
Voltage
Mobility uo cm.v? 500 600 700
Channel length LINT m 2e’ 0 -2¢°
reduction
Voltage Supply VDD V 0.85 1.0 1.15
Temperature Temperature TEMP °C 125 27 -50

Table 5: Variation of process parameters
6-transistor static RAM

One of the most representative designs for compatéchnology nodes is the static RAM cell
designed using 6 transistors (6 T-SRAM). In our iempéntation in Microwind (see Fig. 32), the layout
size is 0.28 x 0.66 um, with a surface area of Qutd which a little larger than the published data
(Intel: 0.16 pr, IBM 0.17 und). Note that the layout strictly obeys the basisigie rules. Most
contacts are shared with neighboring cells: the MA3D contacts, the Select and Data lines. It is
usual to find more aggressive layout design ruleRAM cell designs, in order to further decrease th
cell area.

P
e

222

Figure 32: The 6-transistor RAM layout using 32-design rules (Ram6T_32nm.MSK)
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5. Conclusions

This application note has illustrated the trendsCiMOS technology and introduced the 32-nm
technology generation, based on technology infdonatavailable from integrated circuit
manufacturers. A set of specific topics has beafremded, including the new gate dielectric, gate
stack and the strained silicon technique for enbdnmobility, the 8-metal interconnect back-end
process and the 32-nm process variants. N-chamaePachannel MOS device characteristics have
been presented, as well as a comparative studyrimigainverter oscillator for various technology
nodes. Finally, performance of the ring oscillatothe high speed and low leakage modes have been
compared, with the impact on speed and leakageemturiFuture work will concern the 22-nm
technology node, under preparation for an indugpriaduction in 2012.
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