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TheMOStransistor
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CMOStechnology
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MOStransistor equations
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Why iIsCMOS so widespread?

|C market isdriven by digital circuits (memories,
MICroprocessors, ...)

Bipolar logicand NM OS - only logic: too high
power consumption per gate

Progressin the manufacturing technology made
CMOStechnologiesareality

Modern CM OS technologies offer excellent
performance: high speed, low power consumption,
VLS, low cost, high yield

CM OStechnologies occupies an increasing
portion of the |C market
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Moore' slaw

1965: Number of Integrated Circuit components will double every year
G. E. Moore, “Cramming M ore Components onto I ntegrated Circuits’, Electronics, vol. 38, no. 8, 1965.

1975: Number of Integrated Circuit componentswill double every 18 months
G. E.Moore, “Progressin Digital Integrated Electronics’, Technical Digest of the [EEE |EDM 1975.

1996: The definition of “Moore’'sLaw” hascometo refer to almost anything related
to the semiconductor industry that when plotted on semi-log paper
approximatesa straight line. | don’t want to do anything to restrict this
definition. - G. E. Moore, 8/7/1996

P. K. Bondyopadhyay, “Moore’'s Law Governsthe Silicon Revolution”, Proc. of the IEEE, vol. 86, no. 1, Jan. 1998, pp. 78-81.
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Constant field scaling

L, W, t,,Xy V,V:, C, |, Tscaleby a

« Area, Power diss. for a given circuit, Charges scale by 1/a?

e Power diss. per unit area, Charges per unit area do not scale

ORIGINAL DEVICE SCALED DEVICE

VOLTAGE,V

DOPING a-Ng

p SUBSTRATE, DOPING Ny

B. Davari et al., “CMOS Scaling for High Performance and L ow Power - The
Next Ten Years’, Proc. of the | EEE, vol. 87, no. 4, Apr. 1999, pp. 659-667.
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Constant field scaling problem

Subthreshold slope and width of the
moderate inversion region do not scale!!!

A

log I

oV Vs
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Generalized scaling

e Thedimensionsin the device scalesasin
the constant field scaling

3, ]

~N

V4 Scalesto have reasonable electric
fieldsin the device, but slower than't
have an useful voltage swing for the
signals
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 The doping levelsare adjusted to have
the correct depletion region widths

Gate Oxide Thickness (A)

* To limit the subthreshold currents, V;

005 01 02 05 1 scales more slowly than V y,
MOSFET Channel Length (um)

Y. Taur et al., “CMOS Scaling into the Nanometer Regime”, Proc. of the |EEE, vol. 85, no. 4, Apr. 1997, pp. 486-504.
Y. Taur and T. H. Ning, Fundamentals of Modern VLS| Devices, Cambridge University Press, 1998, p. 186.
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Future per spectives
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Challengesfor the future

L ithography

Gate oxide (materials, tunneling, reliability)
Wiring and interconnections (materials)
Many metal layers (up to 10)

Design complexity (CAD tools)

L ow voltage architectures
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Scaling impact on digital circuits

Example: CMOSinverter P
VDD

VDD

static — IIeakage '

2
denamic = CL 'VDD 3

_ 2

= \ Power -delay product

1 GND
Lox ‘ Vb CL‘

GND

Scaling improves density, speed and power consumption!
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MOST noise power spectral density

2
Vin = 4kTry ———+ e T
Af g C2 WLfe

Channd
thermal noise

1/f noise

F(I) variesfrom 1/2 (w.l.) to 2/3 (s.I.)

y =F()

[ = Excess noise factor

K, = Uf noise parameter
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Scaling Iimpact on noise

For the same device dimensions and current, both
the channel thermal noise and theflicker ( 1/f )
noise should decrease

BUT

there can be other effectsin submicron MOSFETSs
that tend to increase the noise, asfor example;

carriersheating, gatetunneling current, parasitic
resistances, ...
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Matching of |C components

Matching isthe statistical study of the differences
between the electrical parameters of identically designed
components placed at a small distancein an identical
environment and used with the same bias conditions.

To characterize the mismatch between transistors we:
e Design transistor pairs of different dimensions
 Measure V; and 3 for each transistor of each pair

» Calculate A V; and A 3/ for each pair

* Extract 0, , and 0, 3 from the two distributions
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Expected mismatch

Ay = Const

E
A, =AL+AZ +.. :
A|-|- :\/EE'% N|-|-

Ap

o)

A\ (channel dopant fluctuation) /t,, ~ 0.5 mV-pum/ nm
Ay [t ~1mV-pm/ nm
Az~ 110 3 %-pm
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MOST V- mismatch

N-channel P-channd

43/0.28
{ 4.3/0.28
4.6 /0.36 .

¢

123.21/5

123215 ' 11.2/2

v \ Ay, =4mV im | \Ay, =37V um

0.2 0.4 0.6 0.8 1 . 0.2 0.4 0.6 0.8 1

(Gate Area)’ll2 [1/pm] (Gate Area)’ll2 [1/pm]

0.25 um technology - t_, =5 nm
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Scaling impact on V- matching

*

dynamic range
Signal amplitude

I
: GGAVT
\4
min. size NMOS matching
X
X

+ CMOS power supply (SIA)
I

x X X

Ayt x X

1.0 0.8 0.5 035 0.25 0.18 0.15 0.13 0.1ym
feature size

M.J.M. Pelgrom et al., “ Transistor matching in analog CMOS applications’,
Technical Digest of the I nternational Devices Meeting 1998, pp. 915-918.

Matching will limit the potential performancein sub-micron
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Analog power consumption

t,, scales—— V5 must be scaled as well

Min. power consumption for class A analog cir cuits:

P =87kT [S\R

N

Sig

VDD

V., —AV

AV isthefraction of the V5 not used for signal swing

Optimal analog power/perfor mance tr ade-off
for 0.35- 0.25 um technologies

A.-J. Annema, “ Analog Circuit Performance and Process Scaling”, |IEEE
Transactions on Circuit and System I, val. 46, no. 6, June 1999, pp. 711-725.
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Weak Inversion region

t,, scales —— for the same device dimensionsthe
boundary between weak inversion and strong
Inver sion moves towards higher currents

— Strong _ [5F,

\ inversion n °°

\ Weak g :Iﬁ
inversion m nQ
\ | =268 n@y’
N DS W to S @
1E-11 1E-10 1E-09 1E-08 1E-07 1E-06 1E-05 1E-04
b [A]
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Scaling Impact on analog circuits

t,, scales —— for the same device dimensions

Threshold voltage matching improves O _ Lot i,
g gimp AV, m

N
. Uf noisedecreases  ~2 = zKa 10,
Af  C2 WL f

2 W

» Transconductanceincreases (samecurrent) g = \/—M o T | oo
n
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Scaling Impact on analog circuits

* New noise mechanisms

 Modeling difficulties

 Lack of devicesfor analog design

* Reduced signal swing (new ar chitectures needed)
e Substrate noise in mixed-signal circuits

 Velocity saturation. Critical field: 3 V/um for electrons,

10 V/um for holes
gm_vel.&at. :WC Vv

Oox " sat
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lonizing particlesthrough a MOST

Threshold voltage shift

(S) Interface Traps Resulting

From Interaction of Holes N M Obl | |ty degr ad at | on
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1.1V Subthreshold SIOpe
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%

(2) Electron-Hole Pair (3) Hopping Transport of Holes Through ¢ N OI %

Generation Localized States in Si0O ., Bulk .
e Matching

2

F.B.McLean and T. R. Oldham, Harry Diamond L abor atories
Technical Report, No. HDL-TR-2129, September 1987.
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Electron-hole pairsrecombination
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Contributionsto the V. shift

Oxide | nterface
charges states

NMOS — -|-

PMOS

 For deep submicron processesthe sign of the V; shift for
NMOStransistorstendsto be positive

* The bias conditionsduring irradiation have a great
Influence on the absolute value of the V; shift
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Transistor level leakage (NMOS)

Par agtic

Parasitic F Bl
channe 7 _—

oxide

Trapped ' oo |
positive ~_ - Bird’s beak
charge

R. Gaillard, J.-L. Leray, O. Musseau €t al., “ Techniques de dur cissement des composant,
circuits, et systemes electroniques’, Notes of the Short Cour se of the 3'9 Eur opean Conference
on Radiation and its Effects on Components and Systems, Arcachon (France), Sept. 1995.
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Transistor level leakage (NMOS)

1.E-02

> _
1.E-03
1.E-04 \/’U\ Threshold = |

HISD 9 / voltage shift —
1.E-06

1.E-07
1.E-08

1.E-09
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— Prerad

1.E-11
1.E-12 _\/\/\// After 1 Mrad
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Ve M

1.E-13

0.7 um technology - t,, =17 nm
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Off-state current increase (7)

Only for n-channd transistors

Negative threshold
voltage shift

+

Increasein the
subthreshold slope

After
Irradiation

N
_ Before

irradiation

: >
0 Vi Vi VGS
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Par asitic currents increase

- \_GATE “CENTRAL” MOS
N RS TRANSISTOR

BEAKS \

log I

The quality of thefield oxideisvery important
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Integrated circuit level leakage

Vb Vss
T _\POLYSILICON/_ T

OXIDE
N N+WELL CONTACT DR+ 4 + + 4 + + 4+ + + 4+ + 4 K N+ SOURCE

N-WEL L -/ >

P-SUBSTRATE %
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The Field Oxide Transistor

Total Dose

Post-irradiation Bias conditions

PR leakagecurrents > Gate Material

depend on Field oxide quality

PRERAD AFTER 1 Mrad
—’P

el andl

/ — Metal Gate

——Polysilicon Gate[

_—

20 30
Ves[ V]
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|ntegrated circuit level leakage

Field oxide leakage - 0.5 um technology

FOXFET 10/1 with FOXFET 10/1.4
polysilicon gate without gate
1.9 Mrad

420 Krad T 1.9 Mrad

8K ad r/ 104 Krad

N
—

o o o o
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Annealing (mainly in the oxide!)

o =trapped hole

N

SILICON

EC

=

V

ELECTRONS
TUNNELING

THERMALLY EMITTED
ELECTRONS
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Single Event Latch-up (SEL)

VDD

Vb Vb Vss Vss R1$ R2
contact Sour ce Sour ce contact

\n + / \p+/ \n +/ \p+/ R4e
)lf }1 < R3
n well p substrate

Electrical latch-up might beinitiated by electrical
transients on input/output lines, elevated
temperaturesor improper sequencing of power
supply biases. These modes are normally
addressed by the manufacturer.

Latch-up can be initiated by ionizing particles (SEL)
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Single Event Upset (SEU)

Static RAM cdll

Highly
energetic

/ particle
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Total Dose damage and scaling

T
THIN | THICK

OXIDE | OXIDE
REGIME [ REGIME

I
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2

-AD,,/ Mrad
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N. S. Sakset al., IEEE TNS, vol. 31, no. 6, Dec. 1984, and vol. 33, no. 6, Dec. 1986.
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Total Dose damage and scaling

\VARW\VA
VT | VDD

AV,

Decreasing t,, = Ho
we decrease the 1+a EﬁANn)

degradation of: Transconductance

Subthreshold slope
Noise

And the thresnhold voltage shift for n-channel
transistor s might not be negative anymore...
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AV ; and t_, scaling
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SEL and scaling

Modern CM OS technologies have:

 Retrograde wells
 Thinner epitaxial layers
 Trench isolation

e Vp reduced

All these issues help in preventing SEL,
but they might not be always effective

A. H. Johnston, “The Influence of VLSl Technology Evolution on Radiation-Induced Latchup in
Space Systems’, | EEE Transactions on Nuclear Science, vol. 43, no. 2, Apr. 1996, pp. 505-521.
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SEU and scaling

*\Vp reduced
 Node C reduced

._;"
o

O Outside the well OFF
@ |nside the well OFF
] Experimental Range

=]
E
5
D
=
I,_
L
wd
2 .
o
L
w
o
L
=

| ._ 1.0 2.0
- Feature Size (pm)

P.E. Dodd et al., “Impact of technology trendson SEU in CMOS SRAMS’, IEEE
Transactions on Nuclear Science, vol. 43, no. 6, Dec. 1996, pp. 2797-2804.

The SEU problem worsen with scaling!
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SEGR and scaling

decreasing t,,

L+ -]

6.5 nm
6.0 nm

—d4A 12 nm

Maximum electric
18 nm field for aquarter
| micron technology

E
S
£
o
0
wJ

AU T VY N T W N SO YW TN G I N BN S

30 40 50 60 70
LET (MeV-cm?*/mg)

F.W. Sexton, D.M. Fleetwood €t al., “ Single Event Gate Rupturein Thin Gate Oxides’,
| EEE Transactions on Nuclear Science, vol. 44, no. 6, December 1997, pp. 2345-2352.
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Enclosed Layout Transistor (ELT)

|

EL Tssolvetheleakage problem in the NM OStransistors
At thecircuit level, guard rings are necessary
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Drawbacksof ELTs

Waste of area

Increase in the parasitic gate
and source/drain capacitance

Modeling problems

Lack of symmetry

Balancing of n- and p-channel
W =8a+4L

WIL =8allL +4

Area = 4(a+b+L) p+ diffusion
n+ source

Another possible solution? — S

n+ drain
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Aspect ratio modeling

2a

+ 2K

1-a

=
20

2420 +50n=

1
a

J

Calc. W/L

Extr. W/L

14.8

15

11.3

11.2

8.3

8.3

5.1

2.2

3

3.2

Drain and Source diffusion

2.6

2.6

A. Giraldo et al., “ Aspect ratio calculation in n-channel MOSFET swith a gate-enclosed layout”,
Solid-State Electronics, vol. 44, June 2000, pp. 981-989.
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Effectivenessof ELTSs

1.E-02

1.E-03
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0.7 um technology - t,, =17 nm
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Effectivenessof ELTSs
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ELT & deep submicron

E-O01

E-03 “Prerad and

-05

-07
No leakage
No V- shift

.E-09

E-11

13
-0.60 -0.10 0.40 0.90 1.40 1.90 2.40 2.90
Ve [ V]

0.25 um technology - t,, = 5 nm
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Total doseresultsup to 30 Mrad

Threshold voltage L eakage current

60 1.E-06

40 A 1.E-07 - NMOS, L=0.28
20 - -—PMOS, L=0.28
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0 _
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40 |
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L eakage current [mA
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Output conductance
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60E051 | — - < 2% PM OS

sl
0.0E+00 / | ; PMOS| =2 0.25 um t&hnol Ogy
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Drain current (A)
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N-channel noise spectrum

1.E-O07

Prerad
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0.25 um technology - t,, = 5 nm
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Field oxide leakage

FOXFET 14.4/2.6 without gate, with guardring
0.5 um technology
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Ring oscillators (49 inverters)
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Radiation tolerant layout approach

p+ guard ring n+ guard ring

i
B

C—
Z_
Ves Il metal B polysilicon

B n+ diffusion I o+ diffusion
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SEL and SEGR tests

The systematic use of guard ringsisan
effectivetool against SEL

A

|||||u|m“\n

-y

-
A

NO latch-up observed up to 89 MeVecm’mg?

F. Faccio et al., “ Single Event Effectsin Static and Dynamic Registersin a 0.25 ym CMOS
Technology”, |EEE Transactions on Nuclear Science, vol. 46, no. 6, Dec. 1999, pp. 1434-1439.

NEVER observed in our circuits
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Single Event Upset tests

Static register, un-clocked mode

L3

/——f

A 4

o= Nevents (cm?/bit)
0.—=2.59e-7 cm? ®-Npits

LET, =14.7 MeVcm?/mg
W=29.9 MeVcm?/mg

S=0.863

=
I
o
©

-

N

&

2

S 1E-08
A

o

c

40 60 80
Particle LET (M ev cm?/mg)

Design hardened register: LET,, between 63 and 89 M eVcm’mg
at 89 MevVcm?mg?, o < 108 cm?4/bit

F. Faccio et al., “ Single Event Effectsin Static and Dynamic Registersin a 0.25 um CMOS
Technology”, | EEE Transactions on Nuclear Science, vol. 46, no. 6, Dec. 1999 , pp. 1434-14309.
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Comparison with the general trend

This static cdll

o
Q

O Outside the well OFF
@ |nside the well OFF
it Experimental Range

[=)
E
4]
g
>
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i
.|
E.
(=]
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L
=

10 - 20
Feature Size (pm)

Figure 5. Experimentally-measured and simulated upset

thresholds in three Sandia SRAM . technology generations (no
~ feedback Ttesistors). The 1- and 2-pm technologies are n-

substrate, 5 V; the 0.5-um technology is p—substrate, 3.3 V.

P.E. Dodd et al., “ Impact of technology trendson SEU in CMOS SRAMS’, IEEE
Transactions on Nuclear Science, vol. 43, no. 6, Dec. 1996, pp. 2797-2804.
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SEU In 3 static shift registers

® "standard" SR
¢ "oversized" SR
& "overloaded" SR

30 40 50
LET [MeVcm?mg]

Upset rates:
twofold decrease for the “ over sized”
tenfold decrease for the *“ overloaded”
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Radiation tolerant layout approach
&)

@
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AV, 4+ EbTsand - _ oo jiation

uard rings
J J Tolerance
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Speed

low power
Deep sub-m means al so: VLS

low cost

high yield
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Density and speed

A & B : 0.6 um standard
C& D:0.25um rad-tol

|nverter with F.O. =1

0.6 um 0.25 um
Vo [V] 3.3 2
Delay [pS] 114 48
Pwr [UWW/MHZz] 1.34 0.14
Area [um?] 162 50
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Outline
« CMOStechnologies
e The concept of scaling
« Scaling impact on device and circuit performance
 lonizing radiation effectson CMOSICs
« Scaling impact on radiation tolerance

* Radiation tolerant design
 Circuit examples
e Conclusions
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NAGO proton beamscope chip

L ayout of a fast charge amplifier used toread the
signals coming from a microstrip detector

50 um * 150 pm
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The AL I CEILL HCb pixel chip

tm'mnﬂmmmm
Full chip 8192 readout channels
13 M transistorsin 14 by 16 mm?
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Conclusions

e CMOStechnologies are (and will be) the most

widespread in the | C world: it istherefore convenient
for usto usethem

* They can be used to make radiation tolerant cir cuits
(with some special tricks...)

e To continueto usethem in thefuturefor HEP
experiments several new problemswill haveto be

addressed, such as how to make analog circuits with
ULSI CMOStechnologies
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