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• The Si MOSFET is the most important solid-state device 
for modern electronics. To understand its operation, we 
first need to understand the MOS capacitors:

Semiconductor
(p-type or n-type)

V
metal

oxide

oxide thickness
dox

1. Introduction
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• Ideal MOS capacitor under accumulation bias conditions:
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• Ideal MOS capacitor under depletion bias conditions:
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• Ideal MOS capacitor under inversion bias conditions:
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(a)  Bulk potential:

p-type SC:
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(b)  Potential:

(c)  Surface potential:
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• Regions of operation for MOS capacitor with p-type SC:

(a)  accumulation:

(b)  depletion:

(c)  inversion:

• The condition  ϕs=2 ϕF  is called onset of inversion:
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• Electric field profile for a 
MOS capacitor with p-
type SC under depletion 
condition:
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• The potential distribution (profile) in the semiconductor 
side of a MOS capacitor is described with the 1D Poisson 
equation:

where the space charge density is given by:

• The 1D Poisson equation can be solved using one of the 
following approaches:

(1) Delta-depletion approximation
(2) Exact analytical model
(3) Using numerical solution techniques

0
2

2 )(
ε

ρ−=ϕ

sk

x

dx

d

( )−+ −+−=ρ AD NNnpqx)(
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• Accumulation charge is replaced 
with a delta-charge positioned right 
at the semiconductor interface.

• The  electric field and the electro-
static potential are:
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• The charge associated with the 
minority carriers resides in an 
extremely narrow region at the 
SC/oxide interface.

• To first order we can assume that:
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• The charge density is given by:

• The boundary conditions for the 1D 
Poisson equation are:

• Final expressions for the electric 
field, electrostatic potential and the 
width of the depletion region:
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• The surface potential is an internal parameter. We therefore 
need to relate ϕs to the gate voltage VG using:

where:

• Final expression for the VG-ϕs relationship:

• Threshold voltage definition:
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• Graphical representation of the VG-ϕs relationship:

ϕs
Fs ϕ=ϕ 2

GV

thV Exact
solution

Delta-depletion
approximation

• Surface potential varies rapidly 
with VG when the device is 
depletion biased.  Gate voltage 
is divided proportionally 
between the semiconductor and 
the oxide.

• When the semiconductor is 
accumulated or inverted, it 
takes large VG to produce small 
change in ϕs.  Changes in the 
applied bias are almost all 
dropped across the oxide.

Depletion, Cont’d



8

nanoHUB.org
online simulations and more

Network for Computational Nanotechnology

• To solve for the electrostatic potential and the electric field 
profile under arbitrary bias conditions, one needs to go 
beyond the delta-depletion approximation and use the exact 
expression for the charge density ρ(x) in the 1D Poisson 
equation:

• Analytical tricks that we need to use to get to the answer:

(1)

(2)                 in the semiconductor bulk, where ϕ=0.
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• Integrating the 1D Poisson equation from the bulk up to 
some point at a distance x from the SC/oxide interface
(at which point the potential is ϕ) we get:

• Now, introducing the extrinsic Debye length LD , we can 
write:
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• At the SC/oxide interface we have ϕ=ϕs, which leads to the 
following results for:

(a) electric field:

(b) total sheet-charge density:

- flat-band condition:

- depletion regime:

- inversion regime:

- accumulation regime:
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• The corresponding gate voltage equals to:

• Simulation results for NA=1016 cm-3 and dox=4 nm:
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• SCHRED location:

http://www.nanohub.org

• Existing SCHRED Features:

Classical and quantum-mechanical charge description

Fermi-Dirac and Maxwell-Boltzmann Statistics (for classical)
Fermi-Dirac for quantum-mechanical calculation

Multiple-valley conduction and valence bands
Metal and poly-silicon gates: SG and DG structures

Partial ionization of the impurity atoms

Exchange and correlation corrections to the ground 
state energy of the system

C. SCHRED: Self-Consistent 
Schrodinger-Poisson Solver
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Network for Computational Nanotechnology

Read data from
input file

Solve Poisson’s
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Update ρ(x)
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• The capacitance per unit area of an MOS capacitor is cal-
culated using:

where:

- Cox is the oxide capacitance

- Cs is the SC capacitance
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• In general, the charge in the semiconductor is represented 
as a sum of the inversion layer charge density QN, depletion 
layer charge density QB and the accumulation layer charge 
density QP, which gives:

• The total gate capacitance is, thus, given by:
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• Using the analytical model expression for the semiconduc-
tor charge per unit area Qs, we get:

( )

2/1
//

//

11)(

)(2

11

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛ −ϕ−+−ϕ+=ϕ

ϕ

−+−
=

ϕ
−=

ϕϕ−

ϕϕ−

T

sV

po

po

T

sV
s

s

V

po

poV

s

s
s

V
e

p

n

V
ef

f

e
p

n
e

Cso
d

dQ
C

TsTs

TsTs

→
ε

=
D

s
so L

k
C 0 Flat-band capacitance

( )
oxtot

BN

Tsss CC
dQdQ

Vf ≈→
⎭
⎬
⎫

==
ϕ−∝ϕ→<ϕ

0,0
2/exp)(0

   

The total gate capacitance is approximately equal to the 
oxide capacitance.

(A) Accumulation regime:
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(B) Depletion regime:

In depletion regime, the inversion charge is negligible when 
compared to the depletion charge.  Hence:

The total capacitance is, thus, given by:

Important remarks:

If NA increases, then Ctot increases.

If dox increases, Ctot decreases.
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(C) Inversion regime:

• Most of the charge induced at the 
SC-oxide interface comes from the 
electron-hole pair generation (via 
recombination-generation centers).

• The build-up of minority carriers 
proceeds at a rate limited by the 
process of generation of electron-
hole pairs.

• Hence, depending upon the 
frequency of the applied signal and 
the sweep-rate of the gate voltage, 
one can measure:

- low-frequency (LF) CV-curves
- high-frequency (HF) CV-curves
- deep-depletion (DD) CV-curves
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Graphical illustration of the three different cases:
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• AC-frequency low and sweep-
rate low to allow for the gene-
ration of the inversion layer 
electrons and their response to 
the applied AC signal.

• Inversion layer and total gate capacitance:
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• AC-frequency high, which pre-
vents the response of the mino-
rity carriers.  The sweep-rate is
low, thus allowing for the gene-
ration of the inversion layer 
electrons. 

• Depletion layer and total gate capacitance:
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• AC-frequency high, which pre-
vents the response of the mino-
rity carriers.  The sweep-rate is
also high, thus preventing the 
generation of the inversion layer 
electrons. 

• Depletion layer and total gate capacitance:
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• The SCR generation current density equals to:

• While JSCR flows in the semiconductor, the current flowing through the 
oxide is:

• For the inversion charge to be able to respond, we must have that the 
SCR current must be able to supply the required displacement current, 
i.e.

Example: dox=100 nm,  W=1 μm,  Cox=3.45×10-8 F/cm2 :

τg=10 μs,  dV/dt ≤ 0.65 V/s,  feff=45 Hz   (not a severe constraint)

τg=1 ms,   dV/dt ≤ 6.5 mV/s,  feff=0.4 Hz  (severe constraint)

giSCR WqnJ τ= /

dtdVCJ oxD /=

gox

i
giox C
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dtdVWqndtdVC

τ
≤→τ≤ ///

What is Low Frequency?
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There are several factors that lead to deviation of the 
measured CV-curves from what the ideal model predictions 
are:

• Work-function difference

• Oxide charges (interface-trap, fixed-oxide, oxide-trap 
and mobile oxide charges)

• Depletion of the poly-silicon gates

• Quantum-mechanical space-quantization effects

4. Deviations from the 
Ideal Model 
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• The flat-band voltage VFB equals the required gate voltage 
to achieve flat-band conditions.

• The workfunction difference modifies the relationship 
between the surface potential and the applied bias.  This 
gives rise to threshold voltage shift between the ideal and 
real CV-curves:

( )SCMMSGGG qq
VVV Φ−Φ=Φ=−=Δ 11'

Voltage applied to real
MOS capacitor

Voltage applied to ideal
MOS capacitor

Workfunction Difference, 
Cont’d
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• Influence on the LF CV-curves:

• Same effect is also observed on the HF and the DD CV-
curves.
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• The charges that exist in a realistic MOS structure can be 
classified into four different categories:

(1)  Mobile ionic charges

(2)  Oxide-trapped charges

(3)  Fixed oxide charges

(4)  Interface-trap charges

+ ++
aN +K

+- +- +- +- +- +-

+ + + +

B. Oxide Charges
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• Mobile oxide charges: Due to ionic impurities such as Na, 
K, etc.

• Oxide-trapped charge: May be positive or negative and is 
due to holes or electrons trapped in the bulk of the oxide.

• Fixed oxide charges: Due to structural defects (ionized 
silicon) in the oxide layer.

• Interface-trapped charges:  Positive or negative charges due 
to:

structural, oxidation induced defects
metal impurities
other defects due to bond-breaking processes

Unlike other oxide charges, interface-trapped charge is in 
electrical communication with the underlying silicon and 
can be charged and discharged.

Oxide Charges, Cont’d
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• The expression for the voltage drop across the oxide layer 
Vox in the presence of a non-zero charge distribution ρ(x) is 
found from the solution of the 1D Poisson equation, using 
the boundary conditions:  ϕox(0)=0 and ϕox(dox)=Vox .

• The final result of this calculation is given below:

• Special cases:

uniform charge distribution:  γ=1/2
Charges at the SC/oxide interface: γ=1
Charges at the metal/oxide interface: γ=0
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Oxide Charges, Cont’d

nanoHUB.org
online simulations and more

Network for Computational Nanotechnology

• The threshold voltage shift due to workfunction difference 
and charges in the oxide is given by:

• Important note: All the charges (mobile ion charges, fixed 
oxide charges, oxide trapped charges) except the interface-
trap charges lead to rigid shift of the CV curve.

FBMS
ox

ox
GGG V

qC
Q

VVV =Φ+γ−=−=Δ 1'

Voltage applied to real
MOS capacitor with

oxide charges
Voltage applied to ideal

MOS capacitor

Oxide charges Work function
difference

Flat-band
voltage

Oxide Charges, Cont’d
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• More information on interface-trapped charges:

Most of the interface-trapped charges can be neutralized 
by low-temperature hydrogen annealing.
The interface trap density is given by:

Interface trap charges can be:
- acceptor-like (above the intrinsic level)
- donor-like (below the intrinsic level)

⎟
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Use simplified model that all of the states below the Fermi
level are full and all of the states above the Fermi level are 
empty.

The excess negative charges 
lead to positive shift.

FS
E

C
E

V
E

iE

The excess positive charges 
lead to negative shift.

Depletion: Accumulation:

Interface-Trapped
Charges, Cont’d
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Modification of the HF-CV curve due to interface-trapped 
charges.

HFC

oxC

GV

totC

Interface-traps close 
to valence band.

Interface-traps 
close to mid-gap.

Interface-traps close 
to conduction band.

oxC

accCdeplCinvC itC

Contribution from the charging and 
discharging of the interface traps.
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Interface-Trapped
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In real MOS capacitors, the gate is usually made of heavily-doped poly-
silicon.  Even though the doping of the poly-silicon gate is large, there 
is always some finite depletion region, which gives rise to poly-gate ca-
pacitance Cpoly that degrades Ctot .
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• Simulation results obtained with SCHRED. They clearly 
show the role of poly-gate depletion on Ctot .

Important remark:
• The poly-gate depletion introduces gate-voltage dependence on the 

total gate capacitance in strong inversion conditions for MOS capaci-
tors on p-type substrates.
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Example 1: MOS Capacitor-Semiclassical
Model (Padre MOS Capacitor)

Problem Statement:

Consider a simple MOS capacitor. The gate is made of aluminum, the 
thickness of the SiO2 layer is tox=4 nm and the doping of the p-type 
substrate is NA=1018 cm-3. For this device structure plot:

At equilibrium

(a) the electrostatic potential,
(b) the total charge density, 
(c) the electric field profile.

Under applied gate bias of 2V

(a) the inversion electron density vs. position
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Electrostatic Potential

Since there are no charges in the oxide, the variation of the electrostatic po-
tential in the oxide region is linear. In the semiconductor, due to the presence of the 
depletion region, we have quadratic variation of the potential vs. depth.

linear

quadratic
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Electron Density

The total charge density in this particular case equals the NA(x) + n(x) – p(x). The 
electron density is negligible, which means that the inversion layer has not  formed 
yet. Therefore the net charge density is NA(x) - p(x) and depicts the exten-sion of the 
depletion region in the semiconductor.

p(x)

n(x)

-ρ(x)
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Electric Field Profile

Constant in SiO2

Linear in Si

Eox/Esc ~ 3

The electric field is constant in the oxide, varies linearly in the semiconductor since 
the doping is constant and the ratio of the electric fields in the oxide and in the 
semiconductor at the sc/oxide interface equals the ratio of sc/oxide dielectric 
constants.
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Electron Density Under Bias

For VG=2V, the inversion layer has formed. Since the potential is peaked at the 
sc/oxide interface, the electron density peaks at the interface and then decays 
exponentially into the bulk semiconductor region. This is what the classical picture 
predicts.
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Example 2: Workfunction Difference, 
Doping Dependence (PADRE simulation)

Problem Statement:

Consider a MOS capacitor structure found in conventional MOSFET 
devices. The thickness of the oxide region equals 4 nm and the substrate is 
p-type with doping NA.

(a) Assume that NA=1017 cm-3. Plot the conduction band profile
under equilibrium conditions assuming aluminum gate, n+-
polysilicon and p+-polysilicon gate.

(b) Vary the gate voltage from -2 to 2 V and calculate the high-
frequency CV curves using f=1MHz. How does the change in 
the type of the gate electrode (aluminum vs. n+-polysilicon vs.
p+-polysilicon) reflects on the HF CV-curves.

(c) Assume aluminum gate and plot the HF CV-curves for f=1MHz.        
How does the change in substrate doping reflects itself on the 
HF CV-curves. Support your reasoning with a physical model.
Assume that NA=1016, 1017 and 1018 cm-3.
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Electrostatic Potential

The aluminum and the n+-polysilicon gate make the MOS capacitor to be
in the depletion/inversion mode. The very large value of the workfunction of the p+-
polysilicon gate completely switches the picture and reverts it to accumulation mode.
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CV-Curve –
Different Electrode

The change in the type of the gate electrode affects the metal-semiconductor
workfunction difference and leads to rigid shift of the HF CV-curves. There is no dis-
tortion of the curves that can be produced, for example, by interface traps.
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CV-Curve –
Different Doping

The total gate capacitance under depletion conditions is a serial combination
of the oxide and of the depletion layer capacitance. Since the thickness of the deple-
tion layer varies as NA

-1/2, with increasing NA the depletion capacitance increases.


