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CMOS Technology Scaling
• See page 122-129 of Rabaey text
• Full Scaling – Vdd scaled by S, Dimensions by S
• General Scaling - Vdd scaled by U, Dimensions by 

S
• Fixed-Voltage Scaling  - only Dimensions by S
• Overall Capacitance scales by 1/S, all scaling 

models
• Delay by  1/S (short channel devices, all scaling 

models)
• With deep sub-micron, fixed voltage scaling is now 

the rule
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MOSFET
• Four terminals – G, S, D, Bulk (substrate)
• Three regions of operation

– Cutoff (VGS < Vt)
– Linear (Resistive)  - drain current linear with  increasing VDS,  VGS

> Vt
– Saturation ( drain current constant with increasing VDS), VGS > Vt

• Behavior of long channel devices (> 1.0 µm) significantly 
different from short channel devices (< 0.5 µm).

• Transistors in digital circuits spent most of their time in 
either cutoff or saturation, so we are principally interested 
in those regions.
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Regions of Operation
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Long Channel Scaling, Delay
Drain Current, MOS transistor, in Saturation,  Long Channel

IDSAT = K’n/2  *  W/L *(VGS –VT )2 (1 +   λ*VDS)   pg. 93

Recall that K’n = µn Cox  , so will scale by S because Cox 
increases with decreasing thickness.   If K’n scales by S, then 
so will ID.  

CL is gate capacitance = Cox * W *L 
Scales by 1/S because both W, L scale by 1/S but Cox scales 
by S (Cox increases with decreasing thickness). 

Intrinsic Delay =  CL *V / ID ; so will scale by 1/S2 !!



3

BR 6/00 5

Short Channel, Velocity Saturation
The velocity of carriers in the channel can be expressed 
as: 

νn = - µn E(x) = µn dV/dx                       pg 92.  

µn is the electron mobility.  Simply put, the stronger the 
electric field across the channel, the higher the velocity 
(and faster the device).

There is a limit though.  When E(x) reaches a critical 
value Esat, the velocity of the carriers saturate (Figure 3-
17, pg 94, textbook).

For p-type silicon (NMOS transistor), Esat = 1.5V µm

For channel length = 0.25µm, only need VDS = 2V
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Short Channel IDSAT Equation

An approximation for IDSAT

IDSAT = νSAT Cox W (VGS – VT – (VDSAT /2))      pg 97.  

VDSAT is drain-source voltage when velocity saturation occurs.

Saturation current now has linear dependence on VGS (instead 
of squared).   Reducing the operating voltage does not have as 
much effect on short-channel devices as in long-channel 
devices. 

IDSAT is independent on L.  IDSAT scaling is constant for 
constant voltage scaling since Cox scales by 1/S and W by S. 
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MOSFET Capacitance

Cgc – gate to channel

Has three components:

Cgcs – gate to source 
(overlap)

Cgcd – gate to drain 
(overlap)

Cgcb – gate to channel
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Capacitance varies with operation

Due to pinch-off of channel 
during saturation
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Short Channel Scaling, Delay

Intrinsic Delay =  CL *V / ID

CL scales by 1/S,  ID will be constant for constant voltage 
scaling,  so delay only scales by  1/S  .  

Another problem is that electron mobility degrades with 
short channel devices as well. This will also decrease the 
delay scaling for short channel devices. 
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Power Scaling
Pav =  CL * V2 / Tp 

where Tp is intrinsic delay.

For long channel devices, this scales by S (constant 
voltage)

For short channel devices, scaling is 1  (constant 
voltage).

What about power density??? (power per unit area).  
Even with Pav  being ‘1’ for short channel devices,  if 
we had N devices before in a given area, we can now 
pack N2 devices in the same area since W, L are both 
scaled by 1/S.

So power density scales by S2 !!!!!!
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Wire Resistance Scaling
Wire Resistance =  ohms/square *  L / W  where

ohms/square is a constant that depends on resistivity of 
material of the wire = Rsq

L

R wire = Rsq  * L / W  

W

What if we double the wire width and keep the same L?

2W

R wire_new  = Rsq  * L / 2W   = R wire old/2 
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Wire Resistance Scaling (cont)

Wiring width always scales by  1/S

Wiring length scales differently depending upon whether it is 
global wiring or local wiring.

Global wiring spans the chip, and die sizes are remaining 
constant to increasing.    L for global wiring remains constant.

Local wiring on spans a region.   L for global wiring scales by 
1/S

Rwire is constant for local wiring (both L, W decrease).

Rwire scales by  S by global wiring since W decreases but L 
remains the same.  
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Sheet Resistance (Leda 0.25U)
Sheet Res (ohms/sq)

N+ 4.9

P+ 3.5

Poly 4.2  (silicided to reduce resistance) 

Metal Layers 0.07

Aluminum Resistivity: 2.65 e-8  Ohm-meters
Copper Resistivity:      1.67 e-8   Ohm-meters

Resistivity of Aluminum about 60% higher than copper.   Copper 
interconnect preferred – more expensive fabrication
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Wire Capacitance Scaling

Csub

Metal Cross section

Cfringesub

Cwire = Cfringe + Csub + Ccoupling

Csub =  Cox* W * L  

Recall that Cox scales by S.   So Csub scales by  1/S.

Cfringe depends on thickness of sidewall, and L of wire, Cox 
of insulator.   Thickness will remain constant.

Cfringe (sub)  will be constant (L scales by 1/S, Cox by S).
Ccoupling is controlled via spacing rules.  In sub-micron 
technologies, minimum spacing often controlled by 
capacitance considerations.

Ccoupling

Csub M1-M2
Cfringem1-m2
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Interconnect Capacitance (Substrate)

39m4
1644m3
101639m2
791535m1
67101653poly
89131837113Sub
M5M4M3M2M1Poly

Numbers for Leda 0.25u.   Units = af /µm2   

Note that units are based on Area.
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Interconnect Capacitance (Fringe)

62m4
3955m3
303861m2
24283662m1
2225303970poly
2540566021Sub

M5M4M3M2M1

Numbers for Leda 0.25u.   Units = af /µm  

Note that units are based only on Length of wire.
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Wire Delay
Rwire

Cwire

If Csub dominates, the Cwire scales by 1/S
Rwire is constant for local wires, so local wire Rwire*Cwire
(delay) scales by 1/S which is good news (gate delay also 
scales by 1/S).

Rwire scales by S for global wires, so global wire delay
Rwire*Cwire(delay) is constant!!!  The gate delays scale 
down, so global wire delay scales UPWARD with respect to 
gate delays.  BAD!!  
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Clock Speed Scaling

Most systems have less than 16 FO4 delays between registers.

System clock speed determined by:
Clock2Q of Register +  Regster2Register Delay + Setup + 

clock Skew budget

Clock2Q,  Setup, Register2Register delay scales down with
techology.

However, clock is a global signal. Clock skews remain constant, 
and grow releative to gate delays. This means that more and 
more of the clock period is taken up by clock skew budget.   
Have to solve this by clever design techniques, local clocks, 
matching of data delays to clock skew delays.
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Clock Evolution in Alpha Microprocessor
Alpha 21064  (0.75u to 0.25u), clock from 150 Mhz to 275Mhz.

One large clock driver, 3.5nF load,  about 160ps skew across chip 
(clock skew 4.4% of 200 Mhz clock cycle)

Alpha 21164 (0.5u) – clock from 300 Mhz to 366 Mhz.  Multiple 
clock buffering via tree, but still only 1 clock.   Clock buffering 
reduced skew to 80 ps.  Clock skew now 3% of clock design due 
to new clock design.

Alpha 21264 (0.35u) – clock up to 600 Mhz.   Used local 
clocking to save power, max skew was 72ps.  Clock Skew is now  
4.3% of clock period.

IJSSC May ’98  “High-performance Microprocessor Design
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Economic Scaling

• Advanced Fabs keep getting more and more 
expensive.

• New Fabrication line cost on order of low Billions 
for  <0.15u
– Partnerships between companies

• Masks cost go up as well
• NRE becomes extremely high – will either have to 

produce LOTS of one design  or re-used actual 
chips
– Reconfigurable hardware will become increasingly 

important due to economics.
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High Performance – Near Term Future 
Tech Requirements

www.sematech.org -- 2001 Roadmap
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High Performance – Long Term Future 
Tech Requirements

www.sematech.org -- 2001 Roadmap
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Design – The Future
Scaling means more transistors.....

Requirements on designers (Sematech 2001 Roadmap).

Designers need to use more transistors in same time to keep up 
with increasing transistors, but design challenges grow (i.e,  
local clock synchronization, clock skew budgets).
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MOSFET Scaling (Rabaey text)
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Science Fiction
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SF Memory Devices
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SF Logic Devices
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SF Architectures
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Parameters of SF Devices
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Summary

Get ready to re-invent yourself around 2016!!


