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2-D Cross Section of an MIS 
Capacitor
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d and tox are used interchangeably.

Note: Not drawn to scale.
d can be 40Ǻ, while the 
thickness of the substrate
can be 100μm.  
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MOS System Under External 
Bias
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MOS System Under External 
Bias

Depletion
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MOS System Under External 
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Detailed EGB for MIS
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Basic Charge Model 1

Hole Concentration   Electron Concentration      Net Doping Concentration

P-Type

Total Charge Concentration
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Basic Charge Model 2

Far from the surface ρ=0

Near the surface: 3-D Poisson’s Equation

Assume no variation in the y or x directions
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Basic Charge Model 3

N-Channel Device the quasi-Fermi level of holes can 
be assumed to be constant (Ψ≥0)

Intrinsic carrier concentration    Thermal Voltage
kT/q

Fermi Potential
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Basic Charge Model 4

Application of VS or VD brings electrons out of
Equilibrium, denoted by the quasi-Fermi potential ΦFn
ΦFn=ΦF+V

Channel Voltage
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Basic Charge Model 5

The doping concentration Nb is assumed constant in 
the channel., VS, VD, Eox affects vanish
V=Ψ=0

ΦF>>UT
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Basic Charge Model 6

Electrons                  Holes            Fixed depletion charge
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Basic Charge Model 7
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Basic Charge Model 8
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Basic Charge Model 9
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Notice that as the channel voltage increases, it takes more 
surface potential to research strong inversion, and 

accumulation and depletion are not affected.
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Apply Guass’s Law

Qsi

Ex+Δx=Ex

-Ezs

Ey=0

Ex

Ez=0

Ψs<0 Accumulation of Holes
Ψs=0, F=0, Flatband
0<Ψs<<2ΦF+V Weak inversion 
(There is a small concentration of
electrons.)

Ψs>2ΦF+V Strong Inversion
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We need to relate the Gate Voltage 
(VG) to the Surface Potential (Ψ)

The Electric Field at the upper face:

Fixed oxide Charge

Metal Semiconductor Workfunction

Surface potential
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Effects of Real Surfaces

• Work Function Difference:
– Doping level changes (φms= φm- φs)
– Always negative
– To take into account band bends down (can 

even cause a channel to exist).
• Interface Charge:

– Qm (Mobile ionic), Qot (Oxide trapped), Qf
(Oxide fixed), Qit (Interface trap)
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Work Function Difference

Variation of the metal-semiconductor work function 
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Effects of Real Surfaces
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Effects of Real Surfaces
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Real Surfaces

• Interface Charge:
– Qm (Mobile ionic) Sodium atoms move around 

under electric field
– Qot (Oxide trapped) Imperfections in SiO2

cause charge to be trapped
– Qf (Oxide fixed) Ionic silicon left over from 

oxidation process. 
– Qit (Interface trap) Charge due to abrupt 

interface of SiO2 and Si. 
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Solve for VG

While one can see that if you knew the surface potential (Ψs), you could easily
get VG, this is not what a circuit simulator needs.  You apply a VG, then find 

a Ψs, and then get the charge.  A “numerical method” is required such as
The secant or Newton Ralphson methods.
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Surface Potential as a function of 
Gate Voltage
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Gate Capacitance

The gate capacitance is the series connect of the oxide capacitance and the depletion
capacitance.
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CV Curve
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Capacitors

• We can extract for the capacitors:
– Long Channel VT of the transistors
– VT of the parasitic transistors on the field 

oxide
– Substrate doping
– Fixed oxide charge
– The capacitance of the oxide
– In some cases you can extract the thickness 

of the oxide.
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Capacitors
NMOS CV
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A CV Curve can be used to extract important 
device data before a transistor is fabricated!

NMOS CV
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You need to know
the oxide thickness from
an other measurement tool
(Nanospec)

Nb, N, VT, Qi, VFB
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Find the Area and convert Cg max and Cg 
minimum to 1 dimension.

NMOS CV
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Find the doping concentration by finding the 
minimum depletion capacitance.
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Find the doping concentration by finding the 
minimum depletion capacitance.
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Find the doping concentration by finding the 
minimum depletion capacitance.
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To Find VT we need the flat band voltage.  
To find VFB we need CFB.
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To find VFB we need CFB in F so we can look up 
the CFB, VFB pair from the original CV data.

650pF
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VFB

It would have
been exactly zero
but reading the
chart introduces errors.
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VT for VFB=0
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N for weak inversion

Design

NB is not 100% accurate
Due to extraction simplification
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Threshold Voltage (Al Gate)
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Threshold Voltage

Vt for d=100Å, Qd=5x1010(cm-2)q
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Calculating VT

What would VT be if the substrate doping were NA=1016cm-3, Qi=5x1010q.cm2

And d=1000Ǻ, with an Al Gate?
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Calculating VT
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Control of Threshold Voltage

• Silicon gate technology
– Φms is reduce by using poly-silicon as the 

gate
• Poly-silicon must be heavily doped
• Φms is now just the difference in Fermi levels of 

the two silicon regions.
• Poly-silicon is also more process friendly (It can 

withstand higher temperatures than Al)
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Control of Threshold Voltage

• Control of Ci
– We would like a small VT under the gate but 

elsewhere we would like a large VT to prevent 
channels from forming between transistors.

– Smaller Ci, leads to a smaller threshold.
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Control of Threshold Voltage

• Ion Implantation
– B ions can be implanted in a two dimensional 

sheet just below the oxide layer.  These ions 
are negatively charged and can be used to 
offset Qd.  Dose typically 10 seconds.
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Control of Threshold Voltage

• Control Qi
– Grow the SiO2 layer on {100} oriented wafers

• Less dangling bonds
• Slower growth rate leads to higher quality layer
• HCl in oxygen reduces sodium in SiO2
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VT and Nmin Verification

• What would VT be if the substrate doping 
were NA=1016cm-3, Qi=5x1010qcm2

d=1000Ǻ, with an Al Gate?
• VT=.91V, NMIN=2.005
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Using Sample MIS File
• Draw the Structure
• Sweep Electrical parameters
• Extract 

Thickness of Substrate μm  
Width of Substrate μm 

Oxide Thickness μm 
Substrate Doping cm-3

Fixed Oxide Charge q x cm-2

Measured VT
Measured NA

Nmin

Measured
Fixed 
Oxide
Charge
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Structure Editor Code

Calculate WMAX, and make a SI box that is the T_SUB+WMAX thick.
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Structure Editor Code

Mesh according to WMAX/26.0
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Device Simulator Code
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Device Simulator Code
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Extraction Code
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Extraction Code
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Extraction Code
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Extraction Code


