ECE 440: Lecture 32
MOS Threshold Voltage

Inversion: V > VT, many electrons drawn to surface, which is now “inverted” vs. the p-doped substrate. Draw inversion charge distribution along NMOS capacitor:
And draw the energy bands at inversion:
Note:

· Mobile charge anywhere is given by difference between EC or EV and Fermi level as, e.g. n = NCexp(EC – EF)
· If EF is close to EC then lots of __________________

· If EF is close to EV then lots of __________________

At high gate V (> VT) which band is closer to EF?

The condition for this onset is ϕS = 2ϕF (see plot).
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At inversion (on p-type sub.) the mobile surface charges are ______________, such that numerically nsurf. = NA,sub.
Now we can calculate the threshold voltage, VT:

· For NMOS (electron inversion on p-type substrate):
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· For PMOS (hole inversion on n-type substrate):
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Net surface charge in inversion? 

This is a good place to recap MOS-CAP behavior:
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Since this is a capacitor, what does the C-V curve look like?

[image: image6.png]Principles of Semicondu -
File Edit View History Bookmarks Jools Help

@ - 45 [ LI nitpy/ece vwcolorado edu/~barbookconterts im ) [l <e copmoom

reSearch £ UUC £ Fonding £ ReadMie (] NanoGallryinfo -N.. (] Kenneth Chang IR strai and riction n.. I3 Enancement often... B Fietd efect i et

Principles of Semiconductor Devices

5 be taken during fabrication to avoid the incorporation of charged ions as well as creation of surface states -
g Example 6.1 |cajculate the flatband voltage of a silicon nMOS capacitor with a substrate doping Na = 10'7
lem™ and an aluminum gate (= 4.1 V). Assume there is no fixed charge in the oxide or at
the oxide-silicon interface.
Solution The flatband voltage equals the work function difference since there is no charge in the oxide
|or at the oxide-semiconductor interface.
z,
Vg = Pug = Py i’Vr‘nﬁ
2 £
107 =
=4.1-4.05-056-0.026 Xl —— = ~0.93V
10
10!
IThe flatband voltages for nMOS and pMOS capacitors with an aluminum or a poly-silicon gate
\are listed in the table below.
0.14 6V |-0.98 eV
PMOS 0.98 eV |-0.14 eV
6.3.2. Inversion layer charge A\
The basis assumption as needed for the derivation of the MOSFET models is that the inversion layer charge
is proportional with the applied voltage. In addition, the inversion layer charge is zero at and below the
threshold voltage as described by
iny = Cox Vg ~ V7
[} W -V7) ©36)
Oy =0
The linear proportionality can be explained by the fact that a gate voltage variation causes a charge variation
in the inversion layer. The proportionality constant between the charge and the applied voltage is therefore
expected to be the gate oxide capacitance. This assumption also implies that the inversion layer charge is
located exactly at the oxide-semiconductor interface.
Because of the energy band gap of the semiconductor separating the electrons from the holes, the electrons
can only exist if the p-type semiconductor is first depleted. The voltage at which the electron inversion-layer
forms is referred to as the threshold voltage.
To justify this assumption we now examine a comparison of a numeric solution with equation (6 3.6) as shown
in Figure
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Example 6.2

(Calculate the threshold voltage of a silicon nMOS capacitor with a substrate doping Na = 10"

em™®, a 20 nm thick oxide (eox = 3.9 20) and an aluminum gate (@i = 4.1 V). Assume there is
no fixed charge in the oxide or at the oxide-silicon interface.

'Solution

[The threshold voltage equals

V459N, ik

c,

Vr = Vg * 24k

-0.93+2x0.42

+1/4X11 9x885x107 x1.6x107%% x10" x0.42
3.9x8.85x10 74/ 20x1077

-0.09V

Where the flatband voltage was already calculated in example 6 1. The threshold voltage
\voltages for nMOS and pMOS capacitors with an aluminum or a poly-siicon gate are listed in
fthe table below.

0" poly
0.98 ¢V |-0.14 eV
0.14 ¢V 0,98 eV

2MOS
PMOS

6.3.4. MOS Capacitance A\

Capacitance voltage measurements of MOS capacitors provide a wealth of information about the structure,
which is of direct interest when one evaluates an MOS process. Since the MOS structure is simple to fabricate,
the technique is widely used

To understand capaitance-voltage measurements one must first be familiar with the frequency dependence
of the measurement. This frequency dependence occurs primarily in inversion since a certain fime is needed
to generate the minority carriers in the inversion layer. Thermal equilibrium is therefore not immediately

obtained

The low frequency or quasi-static measurement maintains thermal equilibrium at all imes. This capacitance
is the ratio of the change in charge to the change in gate voltage. measured while the capacitor is in
equillbrium. A typical measurement is performed with an electrometer, which measures the charge added per
unit time as one slowly varies the applied gate voltage

The high frequency capacitance is obtained from a small-signal capacitance measurement at high

‘applied dc voltage. The high frequency capacitance therefore reflects only the charge variation in the

B55 wiciths depletion layer and the (raiher small) movement of the inversion layer charge

In this section, we first derive the simple capacitance model, which is based on the full depletion approximation

00_canacitors.

‘and our basic assumption. The comparison with the exact low frequency capacitance will reveal that the
largest error occurs at the flatband voltage. We therefore derive the exact flatband capacitance using the
133 778 180 jinearized Poisson's equation. Then we discuss deep depletion as well as the non-ideal effects in MOS
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