Lecture 14: MOSFET's
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1 Introduction

Metal oxide semiconductor field effect transistor (MOSFET) is an example
of a voltage controlled device where the current between the source and
drain is determined by the channel width, which in turn is controlled by the
applied voltage at the gate. MOSFETSs are widely used in the semiconductor
industry, especially due to the ease of fabrication of the MOS structure, and
the use of silicon dioxide (SiO3) as the insulator. The channel width in the
semiconductor controls the conductivity. The important parameters are the
threshold voltage required for inversion, width of the inversion channel that
is created, and the total width of the depletion region. It is important to
understand the relation of these parameters to the dopant concentration, so
that transistors with the desired I-V characteristics can be developed.

2 MOS structure

Consider an ideal metal insulator semiconductor (MIS) structure shown in
figure [I] When the insulator is an oxide layer (typically thermal oxide) then
this becomes a MOS structure. It is possible to draw the band diagram for
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Figure 1: Metal insulator semiconductor structure. The semiconductor can
be of p or n type. The insulator layer is usually SiO,, though other insulators
are possible. The gate can be made of metal or heavily doped poly silicon.
Adapted from Physics of semiconductor devices - S.M. Sze.
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this structure, depending on whether it is a n or p type structure. Both
these structures are shown in figure 2] For an ideal MOS device the work
functions of the metal and semiconductor are equal. So the Ferm: levels
line up at equiltbrium, without any band bending or charge accumulation or
depletion at the semiconductor interface. In a more general case, this band
bending will have to be taken into account. The MOS structure can then
be biased in different ways. This is shown in figure [3| for both p and n type
semiconductors. One way to bias the structure is to create an accumulation
region at the interface. For a p type semiconductor this would involve driving
excess holes to the semiconductor - oxide interface, in some ways similar to
an Ohmic junction.

This is not useful in a MOSFET since the source and drain are made of
heavily doped n™ semiconductors and we need to create an n channel. So
the structure is usually biased, first to create a depletion region, and then
an inversion region, with increasing bias. A depletion region is created when
the concentration of holes (in a p type semiconductor) is smaller than N4
(the bulk acceptor concentration) but with p > n. In inversion, n > p at
the interface. The width of the n channel is usually defined from the surface
to the depth at which n = p = n,, i.e. the intrinsic carrier concentration.
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Figure 2: Metal insulator semiconductor band alignment for (a) n and (b)
p type semiconductor. The diagram shows the flat band alignment in an
ideal MIS where the work functions of the metal and semiconductor taken
to be equal. The work function and electron affinity for the semiconductor
is marked. Adapted from Physics of semiconductor devices - S.M. Sze.
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Figure 3: Metal insulator semiconductor band alignment for n and p type
semiconductor under (a) accumulation, (b) depletion, and (c) inversion. The
biases and hence the band bending are reversed for n and p type. Adapted
from Physics of semiconductor devices - S.M. Sze.
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Figure 4: Oxide semiconductor band alignment for a p type semiconductor,
under inversion. The bulk potential, ¢ g, represents the acceptor concentra-
tion, while the surface potential, ¢, represents the amount of band bending
due to the external potential. The bulk is p type while the surface has in-
verted to n type. Adapted from Solid state electronic devices - Streetman
and Banerjee.

3 Depletion and inversion width in a MOS

Consider a close up of band structure of the oxide semiconductor interface
under bias, as shown in figure 4] Based on the band diagram it is possible
to define a few potential terms

1. qbb - bulk potential. ¢b = (EFi)bulk - (EFp)bulk:
2. gbs - surface pOtential' ¢S = (EFi)surface - (EFi>bulk

The bulk potential depends on the acceptor concentration in the semiconduc-
tor. The surface potential depends on the amount of band bending, based
on the applied external potential. This can be understood by writing the
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carrier concentration in terms of the Fermi energy positions
(Erp — Eri) ]
kgT
(Erp — Eri) ]
kT
In the bulk of a p type semiconductor Ep, is located below Ep; and hence p >

n. This can be rewritten in terms of ¢, and ¢, so that electron concentration
at the surface can be linked to n;.

p = n; exp[ —
(1)

n = n; exp|

(¢s - Cbb)

s =y exp[ 2
me = i expl 25— ) )
¢s — ¢p is a measure of the band bending at the surface, due to the applied
potential. ¢, also depends on the acceptor concentration (N4) and to the
depletion width (wp) by

2N w?,

(bs = (3)

In general, it is possible to define a parabolic dependence of the potential
within the depth as a function of the surface potential.

2¢€p€,

X

dla) = ¢ (1 — —)° (4)

Wp

The surface of a MOS structure is said to be inverted when n is greater
than p. When this happens, the bands bend such that the Ferm: level at
the surface is closer to the conduction band than to the valence band. This
situation is depicted in figure [, When the concentration of electrons at the
surface (ng) equals the acceptor concentration in the bulk, i.e. N4, then it is
defined as strong inversion. At strong inversion, the surface is as much n
type as the bulk is p type. Then, the Fermi level at the surface is located as
much above the intrinsic level as it is located below the intrinsic level in the
bulk. When ny, = Ny

Ny

n;

qbs = 29253 = QkBT 111(

) | strong inversion only (5)

This can be substituted in equation |3 to calculate the depletion width at
strong inversion (w,).

N 2N qw?
2kpT In(—2) = ¢ Nalnm
n; 2€0€7~
(6)
5 \/eoerk‘BT | (NA>
Wy = ——— In
2Ny n;
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To calculate the width of the inversion region (n channel) we can use equation
and calculate the depth (x,,) at which ¢(z) = ¢p. This gives a n channel
width related to depletion width (w,,) by

S
xm—wm(T)

strong inversion only (7)

3.1 Depletion width calculation

Consider a p type Si with N of 10'% ¢m™3 forming an interface with the
oxide layer and metal. Since the semiconductor is Si, at room temperature
n; is 10'° em ™3 and band gap is 1.10 eV. The Fermi level position in the
bulk (bulk potential, ¢3) is equal to 0.36 eV (below intrinsic Fermi level). To
create a depletion and inversion region we need to apply an external potential
so that electrons are driven to the surface or holes are driven away from the
surface, see figure [3| At strong inversion, the electron concentration at the
surface becomes equal to N4. This happens when ¢, = 2¢p and the applied
potential for this 0.72 V. Using equation [0, the depletion width at strong
inversion (wy,) is 307 nm. For this depletion width, the inversion channel
width (z,,), given by equation [7] is approximately 90 nm. The band bending
and carrier concentration, as a function of depth, is shown in figure

If the bulk acceptor concentration is increased by two orders of magnitude
to 10'® em =2, then it becomes harder to create an inversion channel since now
a greater potential has to be applied to drive the electrons to the surface.
For this concentration, the depletion width (w,,) is reduced to 35.4 nm and
correspondingly the inversion channel width (z,,) is also reduced to 10.4 nm.
Since the channel width affects the conductivity (similar to the resistance of
a thin film) increasing the bulk p concentration decreases the conductivity of
the n channel and also decreases the source drain current (Ipg). The relation
between depletion width and dopant concentration for Si and GaAs is shown
in figure [0]

4 Role of oxide layer

The purity of the oxide layer at the interface between the metal and semicon-
ductor is important. The externally applied potential is equal to the voltage
drop across the oxide layer plus the voltage drop across the semiconductor.
If there are defects in the oxide layer, especially charged defects, these can
also migrate under the influence of the applied voltage and affect the thresh-
old voltage for inversion. This is shown in figure [7] Defects in the oxide is
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Figure 5: (a) Band bending, during strong inversion, for a p type semicon-
ductor with N4 of 10'® ¢m™3. The bending of the valence and conduction
band and intrinsic Fermi levels are plotted. (b) The change in carrier con-
centration with depth. The surface is n type up to a depth of around 90 nm
and then there is a depletion region up to 307 nm. The dotted vertical lines
in both (a) and (b) mark the separation between the inversion and depletion
regions. The plot was generated in MATLAB.
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Figure 6: Depletion width, for strong inversion, vs. dopant concentration
for Si and GaAs. This a logarithmic plot from equation [6 For the same
dopant concentration, depletion width is slightly higher in GaAs, because the
intrinsic carrier concentration is lower. The plot was generated in MATLAB.
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Figure 7: Defects in the oxide interface can affect threshold voltage for in-
version in a MOS structure. (a) Shows an ideal oxide layer. (b) Commonly
found defects in an grown oxide layer. These defects can be fixed or mobile.
Adapted from Principles of Electronic Materials - S.0. Kasap.



NOC: Fundamentals of electronic materials and devices

related to the growth process. Thermally growth SiO, was originally used
as the oxide layer for MOS due to the possibility to grow defect free oxides.
This has been replaced now by a variety of other oxide materials.

The interface between the oxide and the metal also matters. Poly-Si gate can
also be used instead of metal gate. To increase conductivity this is usually
heavily doped. The advantage of poly-Si gate is that, during fabrication, the
MOS structure can be subjected to high temperature processing while metal
gate restricts processing temperature. Also, the threshold voltage for a poly
Si gate can be controlled by doping the poly Si. This can be used to fabricate
multiple MOSFETSs with varying I-V characteristics in the same IC.

4.1 High k dielectrics

The oxide layer between the metal and semiconductor in a MOS acts as a
capacitor. The capacitance of this layer is given by

coerr A

C="a ®)

where €7 is the relative permittivity of the oxide. For Si this is 3.9. d refers
to the width of the oxide layer and A is the area. As device dimensions
scale down, with transistor sizes shrinking in size and more of them packing
in a smaller area, the thickness of the oxide layer decreases. But this can
lead to leakage currents in device due to tunneling across the thin oxide
interface. Thin interfaces also have higher defect densities which can affect
the threshold voltage. One way to overcome this leakage current is to replace
the oxide material with an insulator having a higher relative permittivity (e).
For the same capacitance, using equation [§], this gives an insulator thickness

(di) by ,
e’L
di - doz —= 9
e (9)
Another way of expressing this is that a higher capacitance can be retained
by using a thicker insulator width with reduced leakage. Typical insulators
that replaced the oxide layer include SiN, (¢, = 7), TagO5 (¢, = 25), and
TiOy (¢, = 60 — 100). Growing these insulators without interface defects
are challenging. This adds another layer of complexity in integrated device

manufacture.
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