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Layout, Short-Channel Effects and 
Device Models

Tuesday, April 12th, 9:15 – 11:00

Snorre Aunet (sa@ifi.uio.no)

Nanoelectronics group

Department of Informatics

University of Oslo

April 12th:

More from 18.2 analog layout 
techniques, 

18.3 substrate coupling
1818.4 packaging
16.1 Scaling theory
16.2 Short channel effects
16.3 MOS device models
16.4 process corners
16.5 analog in a 
digital world  (sic!)
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Layout of passive devices

• C2 is symmetrically surrounded
by the units comprising C1 so 
that vertical or horiozontal
gradients are cancelled to the
1st order.

• Dummy capacitors are placed
around (not seen here) , 
creating approximately the
same environment for the units

f C th t b Cof C1 as that seen by C2. 

• The wiring seen in Fig. 18.36 
inevitably leads to some error
in the C1/C2 ratio.
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Capacitive coupling and reduction through differential signalling

• 65 nm CMOS : 9 layers of
interconnect

• Capacitance may degradeCapacitance may degrade
speed

• Coupling of signals through
capacitance between signal 
lines.

• Fig. 18.38: example of
cross talk between signalscross-talk between signals

• Fig. 18.39: Cancellation
through differential
signaling. Shielding is 
another technique..

4
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Shielding – 2 techniques.

• Most of the electric field lines 
terminate on ground rather
than the signal lines (Fig. g ( g
18.40)

• This is more effective than
simply allowing more space
between the signal and noisy
lines.

• Fig 18 41: The sensitive lineFig. 18.41: The sensitive line 
is surrounded by a grounded
shield consisting of a higher
and lower metal layer and 
hence isolated from electric
fields.
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Wiring may add substantial thermal noise

• Vt = SQRT(4kTBR) = 
0.49 nV /Hz

6
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Interconnects may introduce significan delay and ”dispersion”

• Dispersion: increase in transition time as the signal propagates through a 
line (especially troublesome if it’s a sampling clock signal).

• The design of power and ground busses on a chip require atention to a g p g p q
number of issues:

• The DC or transient voltage drop may be significant, which may affect
sensitive circuits supplied by the same lines.

• Electromigration

• Two or more layers may be used in parallell, reducing the series resistance, 
alleviating electromigration constraints. 7

Pads

• Large pads to attach
bond wires

• Dimensions dictated byDimensions dictated by 
reliability issues.

• Bond wire diameters; 
25um – 50 um

• Minimum pad size; 70um 
x 70um – 100um x 100 
umum.

• From the circuit point of
view the pads should be 
small, to reduce area and 
capacitance

8
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ESD (Electro Static Discharge) protection

• ESD may produce a large voltage that may damage devices on chip.

• A person touching a chip may damage it.

• ESD may occur via the air and without actual contact.

• If not properly grounded, various objects in a typical chip assembly line accumulate
charge, rising to high potential levels.

• 1) MOS potential permanent damage due to ESD: gate oxide breakdown, when
the field exceeds 107 V/cm (10 V for oxide thickness of 100 Å) typically leading tothe field exceeds 10 V/cm (10 V for oxide thickness of 100 Å), typically leading to 
low resistance between the gate and the channel.

• 2) S/D junction diodes may melt if they carry a large current in forward or reverse
bias, creating a short to the bulk.

• Both phenomena may occur for today’s short-channel devices

• Fig. 18.49: Clamp external discharge to Vdd or gnd. Potential problems: degrading
speed and impedance matching. Adding thermal noise via R1. Noise may be 
coupled through parasitics to the input. Latchup, if not properly designed. 9

Substrate noise due to low resistive paths between devices

• Coupling through body effect of M1.

• Thousands of circuits might inject noise
into the substrate in mixed-signal
i i i ll d i l kcircuits, especially during clock

transitions.

• Remedies: 

• Increase spacing (helps)

• Differential operation

• Distribute digital signals and clocks in 
complementary formp y

• Critical operations should be performed
well after clock transitions (sampling, 
charge transfer)

• Minimize inductance of the bond wire

• Guard rings

• Separate analog and digital ground
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Guard rings to protect sensitive circuits

• In circuits fabricated in lightly doped substrates ”guard rings” 
may be used to isolate sensitive sections from the substrate
noise produced by other sections. (continous ring of substrate
ties providing a low impedance path to ground for chargeg g g
carriers produced in the substrate).
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Tying substrate and ground together to reduce noise
to transistors

• Since in large mixed-signal ICs it may be impossible to avoid
subsrate ”bounce” with respect to the external ground, due to 
high transient currents drawn by the devices and the finitehigh transient currents drawn by the devices and the finite
impedance of the bond wire connected to the substrate.

• Fig. 18.53: ground and substrate connected on the chip and 
brought out through a single wire.

12
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Separate analog and digital ground to avoid
corrupting the analog section

• Choosing the solution in Fig. 18.55 
a) or b) depends on the transient 
currents drawn by the digital section
as well as the magnitudes of L andas well as the magnitudes of LA and 
LB.

• The 1st one is mostly preferred
because it ensures the analog 
ground and substrate potential vary
in unison.
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Electrical model of the package

Parasitics in package and connections to the
chip.
Bond-wire self inductance.
T lf i d tTrace self-inductance.
Trace to ground capacitance.
Trace-to-trace mutual inductance.
Trace-to-trace capacitance.
While device scaling and circuit speed have 
been going on, many packages have not 
improved significantly, due to the unscalable
nature of the packages.
Simulations should include a reasonable circuit

14

Simulations should include a reasonable circuit
model of the package
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Doubling the functionality per area every 18-24 
months is nice for digital (but not for analog)

Supply voltages
From Analog Circuit Design Techniques at 0.5V

Shouri Chatterjee, Yannis Tsividis and Peter Kinget

16
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Scaling and digital circuits

• Current capability drops by 
1/α (α≈1/0.7)

• Capacitances decrease by• Capacitances decrease by 
the scaling factor, 1/α

• Delay decreases by 1/α

• Number of transistors per 
area scales by α2.

• The reduction of power• The reduction of power
and delay and the
increase in circuit density
make scaling extremely
attractive for digital 
systems. 18
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Scaling and analog circuits

• Transconductance remains constant if all 
of the dimensions and voltages (and 
currents) scale down.

Th li f h l l h h• The scaling of the supply voltage has the
greatest impact.  If the lower end of the
dynamic range is limited by thermal noise, 
the scaling of Vdd by 1/α reduces the
dynamic range by 1/α.

• For constant thermal-noise limited dynamic
range, ideal scaling of linear analog circuits
require a constant power dissipation and a

capacitan
ce Sqrt(

kT/c)

electrons

1 fF 2 mV 25 e-

require a constant power dissipation and a 
higher device capacitance ( = αWLCOX )

• If the lower end of the dynamic range is 
determined by kT/c noise, then to maintain
a constant slew rate in SC circuits, the bias 
current must scale up by a factor of α2.

19

10 fF 640uV 40 e-

100 fF 200uV 125 e-

1uF 64uV 400 e-

10uF 20uV 1250 e-

Short channel effects ( L < 3 um)

• Arise due to 5 factors:

• The electric fields tend to 
increase because the supply

l h l d

Threshold voltage variation (Ch. 
16.2.1)

voltage has not scaled
proportionally.

• The built-in potential term in 
eq. 16.5 is neither scalable
nor negligible

• The depth of the S/D junctions
cannot be reduced easily

Mobility degradation with
Vertical field (Ch. 16.2.2)
Velocity saturation (Ch. 16.2.3)
Hot carrier effects (Ch. 16.2.4)
Output impedance variation with
Drain-Source voltage (Ch. 
16 2 5)• The mobility decreases as the

substrate doping increases

• The subthreshold slope is not 
scalable

20

16.2.5)
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Threshold Voltage Variation

• VTH upper bound : (3/4) Vdd, lower
bound dependent on subthreshold
behaviour, process and temperature
variations, dependency on L.

• Ex: Subthreshold slope of 80 mV/dec. 
Imposes a lower bound of 400 mV for VTH 

if the off-current must be > 5 orders of
magnitude.

• Temp. dependency – 1mV/°K , yielding a 
50 mV change accross the commercial
temp. range of 0-50°C.

• Process-induced variation in the vicinity of
50 mV raises the margin to 100 mV 
difficult to reduce VTH below several
hundred millivolts

• Analog design; L increase for higher
output impedance may increase VTH by 
100-200 mV

Reduced power supply voltage for the lowest current
levels and  reduced power consuption

P V lt C tPower = Voltage x Current
Own chip prototypes 
working for supply voltage 
of 0.2 V (and below).
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Mobility degradation with vertical field

• At large gate-source voltages, the high electric field
developed between the gate and the channel confinesp g
the charge carriers to a narrower region below the
oxide-silicon interface, leading to more carrier scattering
and hence lower mobility.

• This lowers the current capability and transconductance
of the MOSFET and deviates the I/V characteristic from 
the simple square-law behaviour.p q

23

Velocity saturation – potentially leading to current
linearly proportional to the overdrive voltage

• Carrier velocity v = µE approaches
a saturated value of 107 cm/s, for 
sufficiently high fields.

I h 2 2 b

• Short channel effect, L<1

• In the extreme case, eq. 2.2 may be 
rewritten as in equations 16.23 and 
16.24.

• Fig. 16.9 a) constant current for 
increasing VDS. Fig. 16.9b): smaller
increase in ID(VGS) than normal.

,

24
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Hot carrier effects producing a finite drain-substrate current

• Utilize similar effects in memory

25

Output impedance variation with Drain-Source Voltage

• Ro varies with VDS

• As VDS increases and the pinch off 
moves towards the source the rate atmoves towards the source, the rate at 
which the depletion region around the
source becomes wider decreases, 
resulting in a higher incremental
output impedance.

26
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MOS Device models

• Since the mid-1960s 
tremendous research has 
been expended on

name special

Level 1 No subthreshold or short channel
effects. Reasonably accurate for I/V 
down to 4µm. Poor prediction of
output impedancep

improving the accuracy of
models as device
dimensions scale down.

Level 2 Represent many higher order effects. 
Not good at modelling finite output 
impedance. Models VTH variation and 
velocity saturation. I/V acc. To 0.7 µm

Level 3 Similar to level 2 but with many
empirical constants to improve
accuracy for L down to 1 µm.accu acy o do o µ

BSIM series More empirical parameters  losing 
touch with actual device operation. 
Meas. In 0.7 CMOS indicate good I/V 
char, but not as good for narrow, short
tr.

EKV Bulk as reference potential. Single 
current equation valid for 
subthreshold and saturation regions 

27

Charge and capacitance modeling

• Level 1 model: For example
a periodic rectangular
waveform applied to a pp
voltage divider consisting of
an ideal capacitor and a 
MOSFET experiences
”droop” at the output since
some charge at node X is 
lost every period.

• Efforts have been done to 
improve the charge and 
capacitance models, 
especially for analog.

28
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Process corners

• Monte Carlo more and 
more common.

29

Analog design in a digital world

• Most CMOS technologies are designed, optimized and 
characterized for digital applications.

• Digital design earn from scaling analog do notDigital design earn from scaling, analog do not.

• Digital is automated. Analog design relies on experience, 
intuition, and measured data (to a much larger extent).

30
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• No teaching at the Department next week..

• Keep an eye on the web for further plans• Keep an eye on the web for further plans..
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