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This paper describes therauwgments related to the CMOBMB2echnology and the implementatiaa of th
technologin MicrowinB83The main novelties related t82hen technology such as thekhiggite oxide&yd
generation channel str@etagate and very Knvnterconnect dielectric is described. The performances of &
oscillatdayoutinda 6-transistor RAM memory layout are also analyzed.

1. Recent trends in CMOS technology

Firstly, we give an overaietie evolution of important parameters such as the integrated circuit (IC) comple
length, switching delay and supply voltage with a prospective visiofduwrCtd @ technolofiye naming

of the technology nod&30, 90.. 11nrmpmesfrom the International Technology Roadmap for Semicondu
[ITRS2009The trend of CMOS technology improvement continues to be driven by the need to

Integrate more funesiavithin a given silicon area
Reduce the fabrication cost.
Increase operatimesd

Dissipate less power

Table 1 gives an overview of the key parameters for technological¥ad@sritmduced in 2001, down to 11
nm, which is supposede in production in the 2018 timeframBemonstratiahips using 3fin technology
have been reporteyg Intein 208 [Nataraj@008, and IBM in 2008 [Chen2008].

Technology node | 130 nm | 90 nm 65 nm 45 nm 32nm | 22 nm 16 nm 11 nm
First production 2001 2003 2005 2007 2009 2011 2013 2015
Effective gate 70 nm 50 nm 35nm 30 nm 25nm 18 nm 12 nm 9nm
length

Gate material Poly Poly Poly Metal Metal Metal Dual? Triple?
Gate dielectric SiO2 SiO: SiON HighK | HighK | HighK | HighK | HighK
Raw Mgates/mm? 0.25 0.4 0.8 1.5 2.8 5.2 9.0 16.0
Memory point (nf) | 2.4 1.3 0.6 0.3 0.17 0.10 0.06 0.06

Table 1: Technological evolution and forecast up to201

ARM, CHARTERED, IBM, SAMSUNGYNOPSYBaveagreement to developzmmtechnology enablement
solution for the design and manufacture ilef mmigoneiptimized devices [Common200&ds maet
manufacturing with this technislsgiieduled 2011.

The gate material has long been polysilicon, with silicon dioxide (SiO2) as the insulator between the gate
and the channel (Fig. 1). The atom is a convenient measuring stick for this insulating material beneath the
gate, commonly known as gate oxide. In the 90 nm technology, the gate oxide was consisting of about five
atomic layers, equivalent to 1.2 nm in thickness. The thinner the gate oxide, the higher the transistor current
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and consequently the switching speed. However, thinner gate oxide also means more leakage current.
Starting with the 90nm technology, SiO2 has been replaced by SiON dielectric, which features a higher
permittivity and consequently improves the device performance while keeping the parasitic leakage current

within reasonable limits.

Starting with the 45-nm technology, leakage reduction has been achieved through the use of various high-K
dielectrics such as Hafnium Oxide HfO. (=12), Zyrconium Oxide ZrO, (&=20), Tantalum Oxide Ta2Os
(er=25) or Titanium Oxide TiO2 (er=40). This provides much higher device performance as if the device
was fabricated in a technology using conventional SiO2 with much reduced “equivalent SiO> thickness”.

The High-K dielectric enabled a thinner “equivalent” oxide thickness (EOT) while keeping leakage current
low. The “equivalent oxide thickness” EOT is defined by Equ. 1. For the 32-nm technology, the high-K
permittivity declared in the rule file is 10 (Parameter “GateK”). The physical oxide thickness is 2.5 nm, and
by applying Equ. 1, EOT is 1.0 nm. These parameters are in close agreement with those given by
[Chen2008] (1.2nm) and [Natarajan2008] (0.9nm).

Gate Dielectric High voltage Technology
Thickness (nm) MOS (double addressed in th
gate oxide) application note
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— MOS (minimu 220M 180m 1 1nm
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Si02 (6=3.9)
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Figurel: The technology scale dovawards nanscale devices
Production 45nm - 32nm
1 65nm ,."‘\,‘ A

1995 2000 2005 2010 2015

Figure 2 : Technology ramping every two yeamgroducing the 32xm technology
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de. [0
EOT:%?S'—@thighkg (Equ. 1)

C Chigh k
Where

esio2 = dielectric permittivity of SiO2 (3.9, no unit)
énigh-k = High-K dielectric permittivity

thigh-k = High-K oxide thickness (m)

In the 32-nm technology node, most IC manufacturers use so called “HK-MG” gate stack, meaning a
combination of high-K dielectric and metal gate. IBM 32nm use Hafnium Oxide to obtain an EOT close to
1.0 nm, and Intel claims an EOT of 0.9 nm (9 A).

At each lithography scaling, the linear dimensions are approximately reduced by a factor of 0.7, and the area
is reduced by factor of 2. Smaller cell sizes lead to higher integration density which has risen to nearly 2.8
million gates per mm? in the 32-nm technology.

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

2. Transistor performances in 32-nm technology

Key features

Several 32-nm processes have been introduced by various manufacturers [Arnaud2008], [Chen2008], [Diaz
2008], [Hasegawa2008], [Natarajan2008], addressing different types of applications: IBM 32-nm
technology is addressing low power applications such as mobile communication devices [Chen2008] while
Intel is targeting high-performance microprocessors [Natarajan2008].

Parameter Value
Voo (V) 0.8-1.1V
Effective gate length (nm) 25-35

lon N (WA/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 HfO2, SiON
Equivalent oxide thickness | 4 ; 5
(nm)

# of metal layers 6-11
Interconnect layer

permittivity K 2:4-3.0

Table 2:Key katures of th&2 nm technology

Depending on the manufactheetransist@mhannels range from 25 nm to 35lengitin(25 to & billionths of a
meter). Some of the key features ofrihet82hnolag from various providers are given in Tatnhep2red to
45-nm technology, md2hm technologies offer:
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30 % increaseswitching performance

30 % less power consumption

2 times higher density

X 2 reduction of the leakage between source and tinaingh the gate oxide

= =4 =4 =2

Gate Material

For 40 years, the SiO2 gate oxide combined with polysilicon have been serving as the key enabling
materials for scaling MOS devices down to the 90 nm technology node. The gate dielectric thickness has
been continually reduced to match the continuous requirements for improved switching performance, but the
leakage current between drain/source and the gate became prohibitive. Consequently the oxide which has
replaced SiO is HfO> or HfSION (Hanium dielectric and silicate), featuring K between 16 and 24.
Dielectrics with even higher permittivity (TiO2, K near 80) are not used, as such materials induce severe
parasitic electron tunneling [Skotnicki2008]. The optimum combination of high dielectric materials with
metal gate materials features outstanding current switching capabilities together with low leakage. Increased

on current, decreased off current and significantly decreased gate leakage are obtained with this novel

combination.
Low resistive
Polysilicon Low resistive layer (SiN)
gate layer (SiN)
Novel METAL
gate(Nickel
Si02 Hafnium Silicide)
Gate Gate
oxide oxide /
A | e
_ Strong 7 = |
leakage — Reduced —
) leakage 7
<€ - 1.2nm ¢S 25mm
i K=3.9 . <+ Hf02 ]
Source | i, Drain Source ! K=16-24 Y Drain

Equivalent to ® nm
SiO2 with reduced

Oxide and gate leakage
material pushed at its problems
limits (downto 98m

generation)

Figure 3: The metal gate combined with Higghoxide material enhansghe MOS device performance in terms of switching
speed and significantly reduxthe leakage

Strained Silicon

Strained silicon has been introduced stétitiged0nm technology [Sicarédl(&icard2() to boostcarrier
mobility, whidmhance&oth the -shannel andghannel transistor performaregares 4 and 5 illustrate the
strained silicon principles for NMOS and PMOS transistors rE§p@&ivednsistor channel strain has beer
enhanced by increasing the Germanium (Ge) content in the compressive-gtifaearggiljufiim. Both
transistors employ ultra shallow stvanss to further increase the drive currents.
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Figure 4. Tensile frain generatedy a siliconnitride capping layer increases the distance between atoms underneath the gate,
which speeds up the electron mobility eflrannel MOS devices
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Figure 5: Compressive sain to reduce the distance between atoms uredgh the gate, which speeds up the hole mobility of p
channel MOS devices

Let usassume théhe silicon atoms form a regular lattice structure, insideavhiehpthdicipating to the device
current have to flow. In the case of electronMM@$3stretching the latijlog applying tensile straioys the
electrons to flow faster from the sourceltainhas depicted in EigThe mobility improvement exhibits a linea
dependenaenthe tensile film thickness. In a similar wangssamg the lattice slightly speeds upahsigtor, for
which current carriers consist of hol&. (Fig.

Intel has introduced acsel | ed @A Repl acement Met al Gateo ( RM(
[Natarajan2008] to further increaseh&innel strain, which consists of forming-8ie&telyirst (Fig. 6a), then
removing the gate (Fig. 6b) and then fabricating the Metal gatb€Figntizhation of reduced channel lengtt
decreased oxide thicknessahdnced channel steahieves a substantial gain in drive current for both nMOS
pMOS devices.

Moderate compressive Increased compressive Increased compressive
strain strain strain

(a) (b) (c)

Figure 6: Increased pchannel MOS strain using a sacrificed poly gate and replacing it by metal gate [Natarajan2008]
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MOS types

Some 32xm technologies comprise as much as 10 types of MOS devices (i.e. 20 devices in total). In Mic
three types of M@&vices (3 nMOS, 3 pMOS, 6 MOS devices in tot#iee3@mrtechnology

» the loweakage MOS is the default M@&de

» the higispeed MOS has higher switchingnpeenfze, thanks to a shorter effective channel length
the price of a muagher leakage.

»the high voltage MOS wused f o3mirutedila, thé WOustpply t

is 18 V.Somdoundries also propose 2.5 V and 3.3 V interfacing.
The main objective of the low leakage MOS is to reduce the loff current significantly, that is the small
current that flows between drain and source with a zero gate voltage (See Table 3). The price to pay is a
reduced lon current. The designer has the choice of using high-speed MOS devices, which have high loff
leakages but large lon drive currents. More details are provided in the following chapters.

N-channel MOS device characteristics

Micravindversion 3.8 configured dgfaulto theB2nm technologihistechnology uses a stack ofihdidlectric
andmetalate(TiN)Layouts andasssectios oftwo varieties nchannel MOS deviegsgiven in Fig. and 8,
where the higipeeddevice has a reduced channel length (26 nm instead Alti3Qugtte high speed NMOS
has a slightly shorter channisldiawn witkxactly the same size as the low leakage M@HOS gate is
capped with a specific silicon nitride layeatuites lateral tensile channel sirianprove electron mobilihe
pMOS strain is based on SiGe diffusion and Replacement Metal IGate érii@Eers for the MOS devices are
shown in Table 3.

Figure 7:Layout of the loweakage and higtspeed MO$BlevicedMoshallIMosDevices.MSK)Dimensions are identical (2
lambda length).
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Figure 8: Crosssection of the nMOS devicéddsallMosDevices.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) 32 nm 26 nm

Threshold voltage (V) 0.25 0.25

lon (mA/um) at VDD=1.0V 0.95 1.35

loff (nA/pm) 2 200

Table 3: nMOS parameters featured in the CMB2$im technology prodied in Microwindv3.5

Idsips) lon=1.35 mA

15Ul lds(pAy

oy 140

EEE & 35%i fth R

e 13000 o increase of the

12000 — 1on=0.95mA - 1200 maximum current |

115000 — T

~ :133 =

WEIﬁ‘EI” 1EI5‘[I” "/u

;:E‘D 100 tonp Kf Pl p—— __

EEI[I:" e ESE """"""""""""""""""" /{

2;5" T o) f/ 7]

e et 200 7 Low-leakage lon -
] T a0 75l 7 e -

TUq {{ 700

B500 - 850 v

6000 7 600, ra

550 e

500 o 500 g

o il 080 o oA 040

4o i o ¥, et

Eﬁq" / 350, ,/J

300, 300,

2501 ){f 0,407 25”: ; /JM

200 200

15[|:n ﬁ/}( e ot pp ottt 15,]:n j// 0.20.

100.0 T 100,

so0 g™ o Ny e aanannd

UDDD DZ& 77777777 0 4D’ = :M’ci ® 7D &0 0.80 HDDW_D UEIEI[I 020 0.40 s 0.60 080 HDD‘\_D

(a) Low leakage W=1um, Leff=2Bm (b) High speed W=1um, Leff26nm
Figure 9: 1d/Vd characteristics of thlow leakage and high speed nMOS desi Note that daw—=36nm in both caes. The

effective length is significantly smaller for the high speed MOS
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(a) low leakageMOS(Leff=32 nm) (b) high speed MOS (W=1 um, Le#f&nm)
Figure 10: 1d/Vg characteristics (log scale) of thew leakage and highpeed nMOS devices

The 1I/V characteristics of théebkage and higheed MOS devid€sgs. 9 and 18)e obtained using the MOS
model BSIM4 (See [S@dd for more information about this mbuel)y characteristics répdrin Fig9
demonstratinat the lodeakage NMOS haslirive current capabatiground O5mA for W=1}nm at a voltage
supply of 1.0 V (0.95 mA/gor)the high spellOS, the effective el length is slightly reduced (26 nm instea
of 32 nmjp achieve @rive current aroun8sSmA/um.

The drawbadssociated withis high current drive is the leakage current which rdeg\fuomow leakage
NMO$t0200 nA/umh{gh speetiMO$ as seen in the 1d/Vg curve at the X axis ¢ocaponding to Vg=0 V
(Fig. 1

P-channel MOS device characteristics
The PMOS drive curre@NOS 38m technolodion in Table &) aroun®® pA/um for the lé@akage MOS

and up ta000uA/um for the higpeed MOS. The leakage current is amoiach for the leleakage MOS and
nealy 100 nA/um for the higfeed 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 82enm CMOS technology provided in Microwin8.5

MOS Variability

One important challenge in-G&OS technology is process vari@h#itiabrication of onlii of MOS devices at
nanescale induces a spreading in switching performances in the same IC. The most important paramete
process variability are the threshold voltage, the carrier mobility and the effective channel lengtitl&triatiol
in Microwind using random values in a Gaussian distribution, which is expressed by the formulation c
illustration of the variation in electron mobility (parameter UO) for nearly a thousand MOS device sample:
Fig. 11.
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C(x-m)?

e *° (Equ. 2)

f= !
2ps

where

f = probability density of the random variable (x axis in Fig. 11)

X = variable (y axis in Fig. 11)

s = deviation

m = mean value

N-Channel MOS mobility (x 10 V. cm 2)

T

Deviation

. U0=320 V.cm”
4.0 ; -
Mean value
U0=320 V.cm™® k
1.50
o0 Probability
2 O 0.50 B
g RO
000 .00 45 .91 o
0.50
10 -1.00
1.50
2.00
00 -2.50
T T
] 1000 -3.00
3.50
4.00
MOS sample number

Figure 11: The extracted mobilitgf 1000 MOS samples shows an important variability around 320%.cm

The effect of process variability on the MOS Ioff/Ion characteristics is plotted using the menu “Ioff vs. Ion”
under the “MOS I/V curve” menu (Fig. 12). It can be seen that the MOS devices have a wide variability in
performances. The 3 MOS types (low leakage, high speed, high voltage) are situated in well defined space in
the loff/lon domain. The low leakage is in the middle (medium lon, low loff), the high speed on the upper
right corner (high lon, high loff), and the high voltage is at the lower left side of the graphics (low lon, very

low loff). Note that the exact locations of the dots will change for each MOS characteristics plotted because
it is a random process.

“high geeed

§ oW leakage

Jighvgitage

4 P low leakage

c T high speed
. “® high voltage
0.00 025 0.50 075 1 125 150 175

00
ian (masurm)

Figure 12: loff/lon calculated by Microwind on 100 samples affrannel MOS with random distribution of VT, U0, and LINT
with a Gaussian distribution around the nominal value
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Figure 13: Finding compromises between high current drive and higkelga current

Concerning “worst case” and “best case”, notice that
1 Slow devices have high VT, low mobility U0 and long channel (LINT>0)
1 Fast devices have low VT, high mobility U0, and short channel (LINT<0)

3. Interconnects

Metal Layers

As seen in the palette (Fig. 14), the available metal layers in 32-nm technology range from metallto metal8
The layer metallis situated at the lowest altitude, close to the active device, while metal8is nearly 5 pum
above the silicon surface. Metal layers are labeled according to the order in which they are fabricated, i.e.
from the lower level (metal)) to the upper level (metal§.

x|
REReR
) E 25 e
ANV
Options
Metal 8

PO S R S (R S (R A B S SR (R R S G |

Metal 7

Metal B
Metal 5
Metal 4
Metal 3
Metal 2
Metal 1
Metal gate Titd gate2 [
introduced Contart
starting at 45- \m
nm node p- Diffusion [l

‘i Ditfusion L
1wl |EE|

Text A

Figure 14: Microwind window with the palette of layers including 8 levels of metallization
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In Microwind, specific macros are accessible to ease the addition of contacts in the layout. These macros can
be found in the palette. As an example, you may instantiate a design-error free metal7metal8contact by
selecting metal8 followed by a click on the upper right corner icon in the palette. A metal7metal8contact is
depicted in Fig. 15. Additionally, access to complex stacked contacts is possible via the icon "complex
contacts” situated in the palette, in the second column of the second row. The screen shown in Fig. 16
appears when you click on this icon. By default it creates a contact from poly to metall and from metallto

metal2 Tick more boxes “between metals” to build more complex stacked contacts.

>>>>>>>>>>
<<<<<<<
>>>>>>>>>>>>>>>>>>>
ENENE]

<<<<<<

>>>>>>>

>>>>>>>>>>>>>>>>>>>

Metal7/Metal8 contact macro Metal7 Metal8 Via7

Figure 15: Access to contact macrostbxeen metal layers

& Layout Generstor ==

Jmos | Path | Logo | Bus | Res | Dioge | capa |

Pads | Industor |

—Between metal ith Poly and diff——— Repeat———
Metal7 to Metal2 & Poly to Metal 1
g M+ Diffta Metal 1 Raws
I~ Metalé to Metal?
" P+ Diffta Metal 1 Columns [I
[~ Metals to Metals ~ (None)
I~ Metal4 to Metals
[~ Metal3 to Metald to meta
IOWS

[~ Metal? to Metal3 EE—EN

[ ix‘ m
¥ hietall to Metal2 o diff eolumn

; Generate Contact | x Cancel |

Figure 16: Access to complex contact generator

Contact
Contact poly-metall- e
metal8 Metal5..metal8
7|
m7 Contact
P+diff/metall..metal5
B
mB
5|
ms Contact
I poly/metall..metal3
[
md
n
m3
]
m2

i}
N+ p+ SiGe

Figure 17: Examples of layer connection using the complex contact command from MicréntérddnnectsContacts.MSK)
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Each metal layer is embedded into a low dielectric oxide (referred to as “interconnect layer permittivity K”
in Table 2), which isolates the layers from each other. A cross-section of a 32-nm CMOS technology is
shown in Fig. 17. In 32-nm technology, the layers metall.metal4 have almost identical characteristics.
Concerning the design rules, the minimum width w of the interconnect is 3 | (3 x 18 nm = 54 nm) and the
minimum spacing is 4 | (4 x 18 nm = 72 nm). The metal pitch is 7 | , that is 126 nm. Intel 32-nm CMOS
technology specifies a similar value (112 nm) [Natarajan2008], while IBM specifies 100 nm pitch for metal

1 and 200 nm for metal 2.
JH Desian rules for CMOS 32nim - 8 Metal copper - dowbe gate _lof x|
Summary | Wels | Diffusions | Polysiican | Contact | Metal, Via | Metal2, Via2 | Metal3, Wia3 | Metald, Viad | Metalf, Metals {H

THOT: Metal? width =
th01=10 lambda [0.78 um]

rhi0Z: Betwesn two metal?
rh02=15 lambda (0.27 um)

rh 0 binimum metal? surface
rhi10=100 lambda®2 (0.03 umz2]

ri)1: Via7? width

WiaT
ri07=5 lambda [0.09 um] .

11

ri02: Between bwo Via?
ri02=5 lambda [0.09 um]

ri04: Extra metal? over via?
ri04=2 lambda [0.04 um]

ril: Extra metald cver via?
1i05=3 lambda [0.05 um]

r07: Metald width
r01=15 lambda [0.27 urn]

ri02: Between two metald
rj02=20 lambda [0.36 um)

110 Minirum metald surface
r10=225 lambda**2 [0.07 um2)

id

¥4 aK Techno: CMOS 32nm - 8 Metal copper - doube gate loaded from file "'D:\Documents and Settingshsicardi\Mes documentshsoftware\Micrawindr

Figure 18: The Help > Design Rules menu of Microwind 3.5 gives details of the most important design rules

Layers metal5and metal6are a little thicker and wider, while layers metal7and metal8are significantly
thicker and wider, to drive high currents for power supplies. The design rules for metal8are 15| (0.27 um)
width, 201 (0.36 um) spacing (See Help > Design Rules, Fig. 18).

Interconnect Resistance

At minimum width (31 x 18 nm = 54 nm), the interconnect resistance of the lower metal layers is around 7
Wpum (Fig. 19), close to the value announced by Intel for metal 2 (8 W) [Natarajan2008]. Metal layers 1 to 3

have the same dimensions and design rules, and consequently the same resistance.

www.microwind.net 12
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Figure 19: Computing the wire resistance (Interconnects > mefaMNSK)

| fnalysis Help

Wl Design Rule Checker Chrl4-D
Find Floating Modes

Global Crosstalk Evaluation
Global Delay Evaluation
Parametric Analysis

2.1 Measure Distance

Resonant Frequency

mentioned aboveickAnalysis- Interconnect Analysis with FEvr metal 1 up to metal 3, a valua/dfith4

is obtained, assuming entirely copper interconnect (Fig. 20). The reason for getting a higher resistance in
the real conductor is a combindtmpper and highesistivity material mandatory for the interconnect proce
which almost doubles the resistance (Fig. 21).

Law K: 2.30

Conductar vohage

Wolt1: |1.00  Volt2: 0.0

C1=82.458 fF/mm

apply | Colate=8.850 F/mm
C12 0,000 Fmm
L =0.474 nHémm

R =0.172 shmdsquate.

R =3440.000 chm/mm

G Compute Fiskd |

Figure 20: Extraction of the wire resistance usitifnterconnect Analysis with FEM
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Metal 1
(copper)
Metal 1
100 / (copper) 100
nm nm .
Low K & Low K High
oxide oxide resistance
layer
\\ <> \ <>
3/ (56 nm) 3/ (56 nm)
In the computation of the In reality, onlypart of the
resistanceassunng the interconnectayer is made
entire layer to beopper up ofcoppet this leadsto 7
leads to 3.44/um Wum

Figure 21: In reality, the lower metal layers feature a higher resistance, because the entire layer is not made up§tioity
material

Interconnect Capacitance

An average value of 0.2 fF/um is found in the literature for metal 2 capacitance. Some details are given by
Intel [Natarajan2008]. The usual setup consists of routing the lower and upper metal layers (resp. metal 1
and metal 3) at minimum pitch, as shown in Fig. 22, which is close to a realistic case. Consequently, the
metal2 capacitance is much higher compared to when it is routed alone without surrounding metal
interconnects. Note that the crosstalk capacitance, i.e. the capacitance between adjacent wires, is also quite

large at minimum pitch.

Figure 22: The interconneatapacitanceis evaluated assuming that multiple wires are running below and above the layer under
consideration (Interconnects > MetaBLMSK)

I
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R
Configuratior
- -
- | | .
Layer : ImeIaIZ -
width IEI 054 1)

heigth pm

[o1
thickness: [0.100 mn

spacing ID 72 pm
Lowa K: |2.3U

Conductor voltags
Wolt 1 IW oo Wolt 2: 0.0

Computs

C1=88.866 fF/mm
y Cplate=19.116 fF/mm
B C12 =42.244 fF/mm
L =0.330 nHmm
[Eutl R -g172chm/sauare

R =3185.185 ahm/mm

(g Compute Field | x Close

Figure 23: Realistic setup for evaluating metal2 total capacitance

The tool Analysis- Interconnect analysiswith FEM may be used to evaluate the capacitance of such an
interconnect. We select “metal 2” and the icon “Two conductors between 2 ground planes” situated at the
upper right corner of the window. The default distance to ground (height) is 0.4um, which corresponds to
the distance from substrate to metal2. In the situation illustrated in Fig. 23, the distance between metall
(considered as ground) and metal2 is much smaller: 0.1 um. Consequently, we modify the height to 0.1um
and find C1=89 fF/mm and C12=42 fF/mm. As the setup considers one capacitance to ground and 2 possible
crosstalk, the total capacitance is 0.173 fF/um, close to the values measured by Intel:

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

4. Designing in 32 nm technology

Ring Inverter Simulation

The ringszillator made from 5 inveréasrshown ing=24 (INV5.MSHKjas the property of oscillating natiarally.
can be simulated at layoutileMetrowindsingvarious technologi&eshallobserve the oscillating ositpithe
circuitfor various témologiesand measure their corresponding fregu€he time period and frequency of the
out put signal are displayed in the Anal og Si mul
simulation you may observe the frequeswlation to be initially lower, increasing gradually with time and set
the stable values reported above. Therefore it is important to run the simulations for long enough so th
(stable) oscillating frequency can be observed.
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Figure 24:

Yoltage v time fvoltages and currents fvoltage vs woltage fF requancy vs time {Eve diagram

Figure 25: The simulation always starts by aarmup’ phase (1.0 ns). ClickMore”

Ring oscillator with 5 inverters
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0.18 um 2 7.5 GHz /\
o5 0.134ns
7.46G
leIEIEI ‘:H]EEI é‘\[l[l 4150 4.200 4250 4.300
1.00,
32 nm 1.0 39 GHz
(high
0.026ns 0.025ns 0.025ns 0.026ns| 0.025ns 0.025ns 0.028n¢] 0.025ns, 0.p24ns
Speed 39223 39.37G 39.37G 39.22G 38.37G 33373 38223 39373 39376
option) )
2.000 2.050 2100 2150 2,200 2.250 2.300 2.350 2.400

Figure 26: Oscillation frequency improvemewith the technology scale down (Inv5.MSK)

Memory point: 2.4 unf

L =

Memory point 0.17pn?

100.0

120 nm: 12 ps

Gate delay - X
(ps) R RN 45 nm: 7 ps
p Technology

described in this
work, 32 nm: 5 ps

1.0

180 120 90 65 45 32 22 17

Technology generation(lnm)

Figure 27. Comparison ofjate delay fovarious technologies used in Microwind

The desired simulation duration can be aékécmed
the Simulation window. Remember to click the fAR
refreshed for the selected durdtentimelomain wavef@mf the outpsibf the ring oscillator of Fig. 24 are
reportech Hg. 26for 0.8 um, 0.18 pm &&hm technologi@sghspeed optiam\lthough the supply voltage (VDD)
has been reduced (VDD is 5V in 0.8 um, Bynm arid 1.0 V 82nm), the gain in frequency improvement i
significant.

Use the command File - Select Foundryto change the configuring technology. Sequentially select the
cmos08.RUL rule file which corresponds to the CMOS 0.8-um technology, then cmos018.RULrule file
(0.18um technology), and eventually cmos32nm.RUL which configures Microwind to the CMOS 32-nm
technology. When you run the simulation, observe the change of VDD and the significant change in
oscillating frequency (Fig. 26).

In Fig. 27, we plot the gate delay per stage for various technologies, as computed using Microwind on a 5-

inverter_ring oscillator, We_divide_the one-cycle delay by the number of stages
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to obtain the gate delay plotted in Y axis. We can observe that the improvement in switching delay with
technology scaling is significant although not impressive. Let us recall that the cell density has been
improved by a factor of 10 between the 120 nm generation and the 32 nm generation.

High Speed vs. Low leakage

Let us consider the ring oscillator with an enable circuit, where one inverter has been replaced by a N
endle or disable oscillation (InvSEnable.MSK). The schematit tim@soitiator aitsl layout implementation
areshown ifHg 28 We analyzis switching performamsgnghigh speed and low leakd@S deviceShe
results are summarized in &ig. 2

As shown in Fig. 29 the"Baale | logtust be selected (tickedjisplay the current in logarithmicTscakdect
the fAhigh speedod colickinmsideheoptibndayde bog thedlaydut@ich sutreunds allethe
oscillatoraices and t hen sel ect A hNagdatomandaveTthase agtions aré ibustratéd
in Fig. 30. Frohretanalog performanseswrnin Fig. 298we observe thhie circuit works &sh thehigh speed
mode 35GHz) but consumesignificargmount aftandby curreme whent isoff Around 100A).

Ring oscillator with 4 inv and one nand gate

outh

Figure 28 The schematic diagram and layout of the ring oscillator used to compare the analog performances in high speed an
low leakage modg(INV5Enable.MSK)
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Figure 29: Simulation of the ring oscillator in high speed mode (left) and low leakage mode (right). The oscillating frequency is
higherin high-speed mode but the standby currerglgo high (Inv5Enable.MSK)
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Figure 30: Changing the MOS option into low leakage mode

The loveakage mode features a little slower os@BaiEibiz (hat is approximatel¥0&o speed reduction) and
nearly 2lecads less standby current (sevekalfter adelay. In summary, low leakage MOS devices should

used as default devices whenever possible. High spimdcksi®uld be used only when switching speed |
critical.
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Simulation of Process Variations (PVT)

—Simulatiaon
Reset

k= Mare
@ Frint

Microwind 3.5 gives access to “Process-Votage-Temperature” (PVT) simulation through the command
Simulate - Simulation Parameters- Process Varations. Direct access from the simulation waveform
window is also possible using the button i P r o ¢ e s $he woat usualossimulation consists of simulating
extreme situations (Min and Max), as compared to typical conditions, as shown in Fig. 31. The parametric
variations are summarized in Table 5. In Fig. 31, nearly 100% variation is observed between the
performances under Min and Max situations.

=i} 0.85
cess Variations | :
[ Typical Min or Ma
© Typical
& Minimum (slow, high termperature, low voltage)
© Maimum (fast, low temperature, high voltage)
 Monte-Carlo on process (random values)
 Monte-Carlo on process, temp, voltage (random wal)
~Process variation
-35-2s -8 0 8 28 3s
Threshold valtage —
Ovide thickness I—J
Equivalent channel length: —————————— | E— — t —
T J— 0.042ns 0.042ns 0.042ns 0.042n
P 23813 23,875 23873 23,870
~Supply voltage variation o105 0 15 410+ 15%
Supply voltage:
T
-80-25 0 25 90 75 100 125°C
T
o OK 0o
AT 105 i =10l x| 1 L
Extractor Oplions | Models, Parameters  Process Variations | ’ \}
[ Typical Min or Ma;
© Typical
 Minimunm {slow, high temperature, |ow voltage)
& Maximum fast, low . high voltage);
 Monte-Carlo on prosess (random valugs)
 Monte-Garlo on process, temp, valtage (random val)
~Process variation
-35-28 -s 0 8§ 28 3s
Threshold voltage ,—
Oxide thickness ——
Equivalent channel length ,— N i b
CaTISC e ——— 0.019 019 0.010@mg | 0.019
53,463 OF| | 33485 | 53480
~Supply voltage variation
PRI oltag 15% A0 -5 0 +5 +10+15%
uuuuuuuu T 1
T
-50-250 25 50 75 100 125°C
AL
o OK
0.

Figure 31 PVT MinMax simulation showing 100% variation in switching performances
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1 In Min situation, VT is high, mobility UO is low and the channel is long (LINT>0). The supply

IS minimum and the temperature is maximum.

1 In Max situation, VT is low, mobility UO is high and the channel is short (LINT<O0). 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 V 0.30 0.25 0.20
Voltage
Mobility uUo cm.V-2 500 600 700
Channel length | LINT m 2e° 0 -2¢°
reduction
Voltage Supply VDD \Y 0.85 1.0 1.15
Temperature Temperature TEMP °C 125 27 -50

6-transistor static RAM

Table 5Variation of process parameters

One of the most representative designs for comparing technology nodes is the static RAM cell designed
using 6 transistors (6T-SRAM). In our implementation in Microwind (see Fig. 32), the layout size is 0.28 x
0.66 pum, with a surface area of 0.19 um?, which a little larger than the published data (Intel: 0.16 pm?, IBM
0.17 um?). Note that the layout strictly obeys the basic design rules. Most contacts are shared with
neighboring cells: the VSS, VDD contacts, the Select and Data lines. It is usual to find more aggressive
layout design rules in RAM cell designs, in order to further decrease the cell area.

A

A

Figure 32 The 6transistor RAM layout using2-nm design rules (Ram632nm.MSK)
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5. Conclusions

This application note has illustrated the trends in CMOS technology and introduced the 32-nm technology
generation, based on technology information available from integrated circuit manufacturers. A set of
specific topics has been addressed, including the new gate dielectric, gate stack and the strained silicon
technique for enhanced mobility, the 8-metal interconnect back-end process and the 32-nm process variants.
N-channel and P-channel MOS device characteristics have been presented, as well as a comparative study of
a ring inverter oscillator for various technology nodes. Finally, performance of the ring oscillator in the high
speed and low leakage modes have been compared, with the impact on speed and leakage current. Future
work will concern the 22-nm technology node, under preparation for an industrial production in 2012.
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