




EF =  – q

Basic Concept of Fermi Level: Electrochemical Potential



Visualizing “Fermi Level” (Electrochemical Potential)
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EF1 = EF2

(“Open” System: separate equilibrium) (“Short” System: new equilibrium)

1 < 2

: “Work function” (chemical potential)
― amount of work to bring “water” out.

On connection: water flows from high level 
(EF1) to low level; and water levels changing 
(“charging”) until 1 – 1 = 2 – 2.

“drift”

“diff”
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
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(EF1 > EF2) (2 – 1 = 2 – 1)
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Before contact (Va = )

P N

After contact (Va = 0)

Vacuum Level
P – qP = N – qN

–(N – P) = –q(N – P)
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which leads to:  
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Forward: Reverse:



MOS: Concept of the Flatband Voltage

A 2-terminal MOS structure with 
gate, substrate (bulk), and short-
circuiting external connection all 
made out of the same 
semiconductor material.

A MOS (with gate and bulk made 
of different materials) with zero 
oxide charge and with gate–bulk 
terminals short-circuited.

The structure of (b) with a 
voltage source (MS) so that the 
surface charge becomes zero.

Effect of non-zero effective oxide charge.
The structure of (d) with additional external bias (–Qox/Cox) 
so that the surface charge becomes zero.

(a) (b) (c)

(d)
(e) Flatband voltage:

VFB = MS – Qox/Cox

With an external bias 
VFB, the MOS structure 
becomes “ideal” (bands 
become flat).



MOS: Accumulation and Depletion

Accumulation: Depletion:

A negative bias is applied on top of VFB (so the total 
gate–bulk voltage is below flatband voltage).  The 
negative charge on the gate induces (attracts) the 
mobile holes towards the (p-type) Si surface, 
forming a thin layer of positively-charged holes 
“accumulated” at the surface.  The induced hole 
layer is very thin since hole concentration is an 
exponential function of the surface potential.

A positive bias is applied on top of VFB (so the total 
gate–bulk voltage is above flatband voltage but still 
below the “threshold voltage”).  The positive charge 
on the gate repels the mobile holes towards the Si 
substrate, leaving behind negatively-charged 
ionized acceptors, forming a depletion layer 
(“depleted” of holes) with its thickness increasing as 
VGB is increased for balancing the gate charge.



MOS: Strong Inversion and Potential Distribution

Strong inversion:

As the positive bias is further increased much larger 
than flatband voltage, the positive charge on the 
gate starts to attract electrons towards the Si 
surface (while expanding the depletion layer at the 
same time), forming an inversion layer (“inverted” 
charge of its original majority carrier).  Beyond the 
onset of strong-inversion (called “threshold 
voltage”), electrons are plenty to screen the gate 
charge in a very thin layer, and depletion layer is 
reaching a maximum.

• The total gate–bulk voltage (VGB) is the sum of the 
voltage drop across the oxide (Vox), across the induced 
space-charge layer in Si (s), and the contact potential 
due to work function difference (MS) ― potential 
balance (or KVL: total voltage around a loop is zero).

• The total charge on the gate (Qg) and inside the oxide 
(Qox) are always balanced by the induced charge in Si 
(–Qsc), which consists of bulk/depletion charge (–Qb) 
and inversion charge (–Qi) ― charge balance (or 
charge neutrality: total charge in MOS is zero).



MOS Charge and Surface-Potential Relations

Surface/bulk charge density
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General carrier-potential relations (any x):

At surface (x = 0):

In neutral bulk (x > Xd):

Regions of operation in terms of surface potential
Surface potential Terminal bias Surface condition Surface carrier density

s < 0 VGB < VFB Accumulation ps > p0 = NA

s = 0 VGB = VFB Flatband ps = p0 = NA

0 < s < F VFB < VGB < VL Depletion ns < ps < p0 = NA

s = F VGB = VL Intrinsic ns = ps = ni

F < s < 2F VL < VGB < VT Weak inversion ps < ns < p0 = NA

s = 2F VGB = VT Threshold ns = p0 = NA

s > 2F VGB > VT Strong inversion ns > p0 = NA

• In accumulation, holes 
(ps) dominate

• In depletion (including 
weak-to-moderate 
inversion), depletion 
charge (NA) dominates

• In strong inversion, 
electrons (ns) dominate, 
in addition to depletion 
charge (NA)



Before contact:

After contact:
at thermal equilibrium (VGB = 0) Electrons flow from metal to Si.

o

(NA = p0)

VB = 0 (ground)

VG

Qi

+ + + + + + + + + + + + +
Qox
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oxox
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B = VB = 0



QbQsc 
–Sis

o VG

VB = 0o2d Si s AX qN 

Area = s



EFp = EF

Vcb

= qVdb

y = 0 y = L





Summary of Ideal (Long-Channel) MOSFET Equations
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(For PMOS, all taking absolute values.)



EE4613: Summary of Short-Channel MOSFET Equations

 Threshold voltage
 Long-channel (1D theoretical model)

 Short-channel (triangle charge-sharing model)

 Drain current
 Linear

 Saturation
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 Short-channel DIBL
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