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EE415/515 Fundamentals 
of Semiconductor Devices

Fall 2012

Lecture 12: 
Second order MOSFET 

(Chapter 11)
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Reminder:
Here is what the 
MOSFET looks like
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Sub-threshold conduction (VGS<VT)
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Weak inversion

VGS: weak inversion

10/29/2012 J. E. Morris 4

Weak inversion barrier Inversion: near ohmic
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Sub-threshold Characteristics

Current does not abruptly turn off once VG < VT! 
There is still the region of ‘’weak inversion'' 
where some current still flows.

Surface potential changes between inversion 
(Φs= 2ΦF) and flat band (Φs= ΦF).

Note: ID depends exponentially on VG. 
(Linear semi-log plot)

Influence of VD is very limited (why?)
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Sub-threshold Characteristics
 Current is actually diffusion current

where    

 Inverse of log ID vs VG slope is subthreshold slope S which is 
measured in mV/decade (of current change).

 Typically, S ≈ 70 mV/decade and at room temperature cannot be less 
than 65 mV/decade.

 Hand-waving: equivalent circuit is a series combo of oxide and 
depletion capacitance (+ fast states). Factor cr measures how much 
voltage is dropped on oxide, which is where we need it to get charge in 
the channel → ideal case is that Ci >> Cd

 Problem is that Cd increases with substrate doping

 At lowest VG → no conduction - only p-n junction leakage

 Why is all this important?
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Channel length modulation
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Channel length 
modulation
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Short channel effect: experimental
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ID not constant in saturation

Ex 11.1  N-channel MOSFET: Na=2x1016/cm3 & VT=0.4V.  
Bias VGS=0.8V & VDS=2.5V. Find minimum channel length L 
so the ratio of actual drain current to ideal drain current 
due to channel length modulation is no larger than 1.35.
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Mobility variation
1. Transverse electric field

 Channel mobility is not equal to bulk mobility. Observation: as 
VG is increased μ goes down

 This is interpreted to be due to increase effective transverse 
electric field (Streetman & Bannerjee Fig 6.31, slide 15)

 Non-trivial explanation but interesting side-effect is that 
reduction seems to be independent of technology details (so 
called “universal mobility curve'‘)
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Electric field → surface scattering
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Ex 11.2  Use Fig 11.10 to determine the effective inversion 
layer electron mobility for a surface field of Eeff=2x105V/cm.

10/29/2012 J. E. Morris 18
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Mobility variation
2. Velocity saturation

 Additional effect: velocity saturation. Practically all devices have 
this and not pinch-off

 As a result, ID is calculated as    

where Z is channel width, and vs is saturation velocity for 
longitudinal electric field ξ > ξsat (Note: ξmax=(VD-VD(sat))/∆L)

 What's the big deal? As shown in S&B Fig. 6.32 ID increases 
only linearly vs. VG. Is this good or bad?
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Velocity 
saturation
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Note also: ballistic transport

Short MOSFET and Scaling

 Long MOSFET I-V plots shown already.

 Problem with velocity saturation already discussed

 What is scaling?

 Think of reducing the size of something on a copy machine. All 
dimensions are reduced by the same factor.

 However, we need to do something about applied voltage; ideally, 
it would scale with the same factor, but that has not been possible 
for some time. This is so-called “constant field'' scaling approach. 
(it has become more like “constant voltage'' approach)

 Why scale in the first place? see tables

 New effects with scaling: short-channel effects and hot-electron 
effects. The latter are (perhaps) not as big a deal now …
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Constant field scaling by k<1
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Constant field scaling rules
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Constant field scaling rules
(Streetman)
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Quantity or dimension Scaling factor 

Surface dimensions (L, Z) 1/K

Vertical dimensions (d, xi) 1/K

Impurity concentrations K

Current, voltages 1/K

Current Density K

Capacitance (per unit area) K

Transconductance (gm) 1

Circuit delay time 1/K

Power dissipation 1/K2

Power density 1

Power-delay product 1/K3

J. E. Morris

Threshold voltage: short channel
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Gate controls less of QSD
/(max) 

in the channel depletion region 
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Reduces VT by gate charge sharing.

Problem: there is longitudinal field emanating from source and drain, and also terminating on 
charges inside the depletion layer → Not all Qd charge is controlled by the gate! Part that is not 
controlled by the gate has to be taken out of VT calculation → reduction again!

In our simple model, all transverse field 
lines emanating from the gate terminate 
on charges in the substrate.

27

Short channel VT reduction
Potential difference ~2φfp across depletion regions 

Hence xs ≈ xd ≈ xdT = xdT
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Channel length
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Ex 11.3  Calculate the threshold voltage shift due to short 
channel effects for an N-channel MOSFET with Na=1016/cm3, 
L=0.75µm, rj=0.25µm, & tox=12nm.

10/29/2012 J. E. Morris 30
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Hot electron effects: related to gate charge (traps) formation, injection into the gate 
(current) and substrate leakage current. 
Main issue is long-term drift and 
degradation of characteristics.

31

Hot electrons

32
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Narrow channel 
effects
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VT channel width effect

10/29/2012 J. E. Morris 36



10/29/2012

19

10/29/2012 J. E. Morris 37

Another effect - narrow width effect - works on increasing the VT.

38
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Ex 11.4  Na=1016/cm3 & tox=8nm. Determine the channel 
width so the threshold voltage shift is limited to ΔVT=0.1V.
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Breakdown: Avalanche

10/29/2012 J. E. Morris 40

Field increased in regions 
of large curvature
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Parasitic BJT & snapback
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Parasitic BJT
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Drain near-avalanche increases 
current and ohmic voltage drop 
increases VBE and turns on BJT
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Snapback
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Drain-induced Barrier Lowering (DIBL)

 Junctions too deep or doping too low → source and drain start 
“interacting''. This results in reduction of barrier for electron injection 
into channel. → reduction in VT at higher VD

 Think of it as drain voltage “pulling down'' the potential on the source side

 Solutions: increased substrate doping and shallow (scaled depth) 
junctions.

 Uniformly increasing doping has bad side-effects; halo implants could be 
used, but …..

 How is this reflected in I-V curves and what are the circuit implications?

 What's a model for this?

which produces a slope in output characteristics.

 Parameter λ is a fitting parameter that includes all possible effects
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Drain Induced Barrier Lowering
(DIBL)

and charge sharing.

Phenomenologically: change in drain 
voltage produces an increase in ID
that is interpreted as a change in VT

Root cause of DIBL: see figure 

45

DIBL: Drain-induced barrier lowering

10/29/2012 J. E. Morris 46

Punchthrough: Drain & source depletion regions meet, channel barrier → zero.
Near punchthrough: Channel barrier reduced, large currents possible.

VGS<VT
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DIBL: Drain-induced barrier lowering

10/29/2012 J. E. Morris 47

And finally:
Gate-induced Drain Leakage

48
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Ex 11.5  Calculate the theoretical punch -through voltage for 
an N-channel MOSFET with substrate doping Na=3x1016/cm3 , 
source/drain doping Nd=1016/cm3, & L=0.8µm. Assume an 
abrupt junction and that the source and body are grounded. 
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Lightly doped drain (LDD)

10/29/2012 J. E. Morris 50

n- region reduces local fields 
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Lightly doped drain (LDD)
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Threshold Voltage

Obviously, controlling VT is very important. How is it done? 

1. Choice of gate electrode

2. Control of gate oxide Ci

3. control of doping (typically using ion implantation) 

4. Special case: using substrate bias
Starting point is

 S & B Fig. 6.33 illustrates what's going on.
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VT Control
 Until recently, choice of gate materials was limited. In recent 

years, it has become possible to control the properties of 
metals, such as their work function. Critical for recent success 
of deeply scaled devices. 

 More traditionally, n+ and p+ gates are used. ``Nice'' metal 
would have so-called mid-gap workfunction.

 2nd and 3rd terms are reduced by increasing Ci (which is also 
good for drive current) → reduction in absolute value of VT

 How is Ci increased? Two options ……..

 Changing doping underneath (preferably) or in the channel

 Net effect: increase of, say, Na
- locally so it looks as if the 

substrate has a larger doping for n-channel devices → VT ……

 For p-channel, implanting boron will compensate some of the 
ND

+ which would make the doping look smaller and make VT

less negative.
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VT Adjustment by Ion Implantation
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Ex 11.6  Si MOSFET: Na=1015/cm3, p+ poly-Si gate with an initial FB 
voltage VFB0=+0.95V, tox=12nm. A final threshold voltage VT=+0.40V 
is required. Assume the idealized delta function of Fig 11.29(a) for 
the ion implant profile. (a) Which type of ion (donor or acceptor) 
should be implanted? (b) Calculate the ion dose DI required.
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Radiation-induced oxide charge
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Radiation-induced oxide charge

10/29/2012 J. E. Morris 61

Assume an ionizing 
pulse creates 1018

EHPs/cm3 in the 
oxide, and that the 
electrons are swept 
out through the gate 
terminal with zero 
recombination, and 
that 20% of the 
holes are trapped at 
the oxide-
semiconductor 
interface.
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Ex 11.7  Calculate the 
threshold voltage shift due to 
radiation-induced oxide 
charge trapping, for a MOS 
device with oxide thickness 
tox of (a) 12nm & (b) 8nm. 
(c) What can be said about 
ΔVT as tox decreases? 
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Radiation-induced interface states
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Radiation-induced interface states
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10/29/2012

33

Hot electron charging
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Assignment #6
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