
Lecture07

Physics and Engineering ofPhysics and Engineering ofPhysics and Engineering ofPhysics and Engineering of
CMOS DevicesCMOS DevicesCMOS DevicesCMOS Devices

Ken UchidaKen Uchida
Department of Physical Electronics

T k I i f T h lTokyo Institute of Technology

Physics and Engineering of CMOS Devices, Ken Uchida, Tokyo Tech, June 9, 2010
1

Review of Last Lecture (1)Review of Last Lecture (1)
ChCh Sh t A i tiSh t A i tiChargeCharge‐‐Sheet ApproximationSheet Approximation

• All the inversion‐charges are located at the interface 
of Si and SiO2.

• There is no potential drop and no band bending p p g
across the inversion layer.

D l ti A i ti & ChD l ti A i ti & Ch Sh t A i tiSh t A i tiDepletion Approximation & ChargeDepletion Approximation & Charge‐‐Sheet ApproximationSheet Approximation
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Review of Last Lecture (2) Review of Last Lecture (2) 
ChargeCharge Sheet ModelSheet ModelChargeCharge‐‐Sheet ModelSheet Model

Inversion‐charge density Qi(y) at the position y is expressed as
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Inversion charge is a 
function of surfacefunction of surface 
potential.
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VVgg versus versus φφss

1/22⎡ ⎤⎡ ⎤⎛ ⎞ ⎛ ⎞

Surface charge = Depletion charge + Inversion charge
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Relationship between V and φ
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Relationship between Vg and φs
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l h b φBy solving the above equation, we can express φs as a 
function of Vg. However, the equation cannot be solved 

l ll
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analytically.



VVgg versus versus φφss in a wide Vin a wide Vgg rangerange

φ l l h llφs increases linearly as Vg increases when Vg‐VFB is small, 
and φs is fixed at around 2φF when Vg is greater than Vth.
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VVgg versus versus φφss in Weak Inversionin Weak Inversion
1/22
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In weak inversion,
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SubthresholdSubthreshold CurrentCurrent
In subthreshold region, diffusion current is greater than 
drift current.drift current.

,
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Diffusion current:
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Einstein’s relationship: Bk T
D

q
μ=

q

( )invB
d diff

Q yk T
I W μ ∂

=

( ) ( )

,

0

d diff

B
i i

q y

k T W
Q L Q

μ

μ

∂

= −⎡ ⎤⎣ ⎦( ) ( )0inv invQ L Q
q L

μ ⎡ ⎤⎣ ⎦

Physics and Engineering of CMOS Devices, Ken Uchida, Tokyo Tech, June 9, 2010
7

SubthresholdSubthreshold Current Current ––cont’dcont’d
1/22
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In weak inversion Q >> Q Since we have very smallIn weak inversion, Qdepl >> Qinv. Since we have very small 
Qinv, surface potential φs (y) is almost constant from 
source to drain φ (0) φ (L) φsource to drain: φs (0)= φs (L)= φs0
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02 s A Bq N k Tφ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦



SubthresholdSubthreshold Current Current ––cont’dcont’d
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Drift Current versus Diffusion CurrentDrift Current versus Diffusion Current

Below Vth, diffusion current is larger than drift current.
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Below Vth, diffusion current is larger than drift current.
Above Vth, drift current is larger than diffusion current.



SubthresholdSubthreshold SlopeSlope
The subthreshold slope, or S factor, is the gate voltage 
change (mV) necessary to have 10x drain current.change (mV) necessary to have 10x drain current.
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MOSFET Characteristics (1)MOSFET Characteristics (1)
Doping dependenceDoping dependence

Substrate Doping ConcentrationSubstrate Doping Concentration T = 20nmSubstrate Doping ConcentrationSubstrate Doping Concentration Tox = 20nm
VFB = 0V
L=WL=W
μ=500cm2/Vsec

Threshold voltage is increased with an increase in
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Threshold voltage is increased with an increase in 
substrate doping concentration.



MOSFET Characteristics (2)MOSFET Characteristics (2)
Doping dependence Doping dependence ––cont’dcont’d

Substrate Doping ConcentrationSubstrate Doping Concentration T = 20nmSubstrate Doping ConcentrationSubstrate Doping Concentration Tox = 20nm
VFB = 0V
L=WL=W
μ=500cm2/Vsec

S factor is larger as substrate doping concentration
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S factor is larger as substrate doping concentration 
is increased.

MOSFET Characteristics (3)MOSFET Characteristics (3)
TT d dd dTToxox dependencedependence

N = 1x1017cm‐3NA = 1x10 cm
VFB = 0V
L=WL=W
μ=500cm2/Vsec

Threshold voltage is increased with an increase in
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Threshold voltage is increased with an increase in 
gate oxide thickness.



MOSFET Characteristics (4)MOSFET Characteristics (4)
TT d dd d t’dt’dTToxox dependence dependence ––cont’dcont’d

N = 1x1017cm‐3NA = 1x10 cm
VFB = 0V
L=WL=W
μ=500cm2/Vsec

S factor is larger as gate oxide thickness is
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S factor is larger as gate oxide thickness is 
increased.

MOS Cap versus MOSFETMOS Cap versus MOSFET
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SubstrateSubstrate‐‐Bias EffectBias Effect

The threshold voltage of nMOSFETs is increased if a negative 
substrate bias (–Vb) is applied.( b) pp
Let us consider the threshold voltage as a function of Vb.
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Here, the body factor γ is defined as.
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SubstrateSubstrate‐‐Bias Effect Bias Effect ––cont’dcont’d
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SubstrateSubstrate‐‐Bias Effect Bias Effect ––cont’dcont’d

Tox = 20nm
V = 0VVFB = 0V
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MOSFET Characteristics (5)MOSFET Characteristics (5)
S b t t bi d dS b t t bi d dSubstrate bias dependenceSubstrate bias dependence

T =10nmTox=10nm
NA = 1x10

17cm‐3

V = 0VVFB = 0V
L=W
μ=500cm2/Vsecμ=500cm /Vsec
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SummarySummary

• Surface potential φs is numerically calculated s

as a function of Vg.

• It is shown that V is proportional to φ in• It is shown that Vg is proportional to φs in 
weak inversion region.

• Subthreshold current as well as subthresohld
swing is obtained.g

• Threshold voltage shift due to substrate bias is 
l l t dcalculated.
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