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What is.a MOSFET?

A MOSFET is a Metal-Oxide Semiconductor Field-Effect Transistor. It is the
electronic version of a switch. Whenever it is switched on it allows a current to
flow. In the switched off mode, however, it stops the current from flowing.

Switching is one of the most important functions to consider when it comes to

producing computers. Almost all microprocessors, memory and support chips
use MOS switches.



Applications

MOSFETs are widely used in power electronics, audio technology, medical
electronics. They are the main components of most integrated circuits and can
be found in household appliances, the computer industry, automotive, aviation/
space electronics, wireless communications and many others.
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Metal-Oxide Semiconductors (MOS) structure consists of a piece of
metal on an oxide that is placed on a semiconductor (silicon).

The MOSFET is sometimes referred to as an IGFET (which is an
Insulated-Gate FET) because the gate is insulated from the substrate by
silicon dioxide SiO, (i.e. quartz).



Terminals
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The metal-oxide semiconductor FET or MOSFET is basically a four-terminal

device. It has a source - S, a gate - G, a drain - D and a terminal to the substrate
(body - B).

The flow of the current between the source and the drain depends on the voltages
that are applied to these terminals. A MOSFET is essentially a voltage-controlled
solid-state switch.



MOSEET Types

Depletion-mode MOSFET Enhancement-mode MOSFET

There are two types of MOSFETSs - depletion- and enhancement- mode
MOSFETs. A channel marks the main difference between the two types (the
so-called conducting "path"). It is located between the source and drain.

With the depletion-mode MOSFET it is formed in the doping process during
fabrication. In the enhancement-mode device there is no channel between

the source and drain. .



n- and pChannel MOSFETs
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Both types of MOSFET devices have either an n-channel or a p-channel
depending on their added impurities.

Note that the MOSFET is a unipolar device. Its operation depends on
only one type of charge, either electrons or holes, but never both.



Schematic Symbols

N-channel P-channel N-channel
Enhancement-mode MOSFET Depletion-mode MOSFET

The schematic symbol for an enhancement MOSFET has a broken
channel line (there is no channel), while for a depletion MOSFET the thin
continuous vertical line is supposed to represent the existing channel.

For n-channel devices the arrow on the p substrate points inward, while
for the p-channel MOSFET the arrow points outward.



Symbols of ThreBerminal MOSFETS
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In some applications, a voltage can be applied to the substrate for additional
control of the drain current.

In most applications, however, the substrate is connected to the source. This
results in a three-terminal device.



Principle of Operation
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Transistor action in the MOSFET is principally due to the gate voltage Ugg
controlling the output current. Since the gate is insulated from the substrate the
gate current | is essentially zero. Thus virtually no input power is needed to control
the output current.

When the gate voltage is zero the enhancement MOSFET is "off " since there is no

conducting path between the source and the drain. 10



Depletion Layer
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When the positive voltage is applied to the gate (U;5>0) the holes from the
substrate repeal from the surface and the depletion layer appear. There is
no current between source and drain since the depletion layer consists of
only negative ions without any mobile carriers.
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Inversion Layer
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If, however, a sufficiently high positive voltage is applied to the gate, electrons will
be attracted to the surface under the gate. They will accordingly form a shallow n-
type inversion layer channel connecting the source with the drain. Electrons
flowing from the source to the drain can pass through the narrow channel
whenever the voltage difference is established.
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Threshold Voltage
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The electron flow is equivalent to the current referred to as the drain current
lp- The minimum Ugg that creates the inversion layer to enable I is called
the threshold voltage U; (Uy,). If Uss>U; the number of charge carriers in
the channel is enhanced. The more positive the gate voltage is, the more
electrons will be in the channel and the greater the drain current will be too.
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OutputVA Characteristics

This figure illustrates a typical set of output characteristics for an n-channel
MOSFET, I = f(Ups) when Ugg = const.
. tlos i

The more positive the gate voltage Linear Saturation Ugs =
IS, the more electrons will be in the i 4\

channel and the greater the drain Ugs =
current will be too. 3V
There are two operating regions in g\fs -
the characteristics i linear (ohmic) Ugs =
1RY,

Cut-off

and saturation (current-source)
region. /

M7

Saturation parabola
5 =T (Upg), Ugg= const

For a given value of Ugg, when Upg increases the drain current will at first
rapidly increase linearly, but further on it will level off and tend to remain at
an almost constant value.
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Channel Voltage Drop
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When the drain current is small, the voltage that drops along the channel will
be negligible and the channel itself will have a uniform width. The I will
increase almost linearly with the increase of Upg. When I increases the
voltage drop along the channel will also increase. This will reduce the gate to
substrate potential near the drain and will modify the channel width.
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The change in the channel width will cause the curve of I, versus Ugg to
level off and become horizontal. The drain current will saturate (become
constant) once the channel pinches off. The pinchoff voltage Uy, can be
calculated for any Ugg With Upg, = Ugs - Ut
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Saturation Region
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The pinchoff voltage divides the two major operating regions of the MOSFET:
the ohmic and the saturation (or current-source) region. The ohmic region is the
region where Upg Is lower than Up,. In the ohmic region a MOSFET functions
like a small resistor. When Ug Is greater than Uy, the MOSFET will function
as a current source and Iy will consequently become constant irrespective of

any further increases in Upgg
17



Drain Current Equations
|OhiEFegion Ups SUpsat 1| Uosar= Vs Ur

M CW 1
= [((Ugs- Up)Ups- EUDSZ]
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Kk = anfCoW mA Specific transconductance

L 'V? 1
ID = k[(UGS' UT)UDS' EUDSZ]
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Examples 1

Operating region?
lp =2 Upg=?
Uss =0V
Ugs < Ur

The transistor is cut-off

Operating region? Operating region?
Ups= ? k=? lpb=?k="?
Upsat = Ugs — Ur =4V Upsat = Ugs — Ur =2V
Epp = IpRp + Ups IpRp = Epp — Ups =2V
Ups = 15—1.10733.610° = 114V I, =2mA
Ups > Upsar Ups > Upsat
The transistor is in saturation The transistor is in saturation
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Examples 2

Operational region? Operational region? Operational region?
Upsat = Ugs — Ur =3V k= 1mA/NV?, Ugg = 5V Ugs= 2.5V < U;
Ups > Upsar  Saturation Upsat = Ugs —Ur = 2V Transistor is cut off
Epp=U 156 —Up)? =
I, =Epp"ps _ 1576 _ 5 I, = kWUas=Ur)" _ 5 4 Ib=0
Rp 3.10 2 UDS — VDD T ID'RD
k(Ugs — Up)? Ups = Epp —IpRp
Ip = > Ups = 207 0 =20V
Ups =15 —2.10733.103 =9V
k=—200  _Z2pma Ups > Upsqe  Saturation

(Ugs=Ur)? 3



Calculation from

VA characteristic

1
NMOS ‘ 1.8}— Tp=25°C
Rp g 1.6 Vgs =10V —
Ip < 14 9V
< -
k Unn‘ = 7 '
ot ® 5 12 7 8V
— 1 |Ups & 10— N/ Eaib :
| R ,:\ / S 08 ' 7v
@T"u«: & 0.6 '~ 6V
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_L < = L4 = ~ e
- 0.2 : 4V
Ugs = 10V Upp= 7V, Rp= 5q ,Rg=1Mq. 0 el - 3V
Threshold voltage Uth =2 V 0 10 20 30 40 50 60 80 90 10
Vps, DRAIN SOURCE VOLTAGE (VOLTS)
d A Draw the load line. Load line ends are Uy = 7V
[A] AR and U,p/Ry = 7V/5Y = 1.4A
Uds [V] ZA Explanation:
Operational | saturation From characteristic: Uds = 2.4V
region Udsat = Ugs - Uth=10-2 =8V
|Uds| < |[Udsat| Hence the transistor works in linear region




Calculation from VA characteristic

PMOS | Ty= 25°C sz -10\/////_9V — I-av ‘
9.5V ~
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Ugs = -6V Ugp= -8V, Ry,= 4 0 0 mq , |

R.= 1 Mdhreshold voltage Ut = -4V 12 8 & £ 6 T 0
~Vps, DRAIN-TO-SOURCE VOLTAGE (VOLTS)

Draw the load line. Load line ends are Uy = 8V

d [A] 10.5 and Upp/Rp = 8V/0.400Y =20 A
Uds [V] S o Explanation:
Operational | saturation From characteristic: Uds = -3.8V
region Udsat = Ugs - Uth = -6 - (-4) = -2V
|Uds| > |[Udsat| Hence the transistor works in saturation




Transter Characteristic
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If the gate voltage is lower than the threshold
voltage, there will be no channel and I = 0.

If Ugs > U the device then will turn on and the
drain current, starting from zero, will increase.

Transconductance g, , (S)
dl Di
gLﬂ =S= = 2 1LJ[)S = const
dUgs DUgs
0, =kU,s  ohmic region
Om = k(UGS - UT) saturation region
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Families Transfer Characteristics

Id, mA A 4 Id, mA 15V [10V 5V

Uds=const Uds=const
Ugs, V Ugs, V
(g >

Uth Uth

PMOS enhancement mode NMOS enhancement mode

24



Depletiormode MOSFET

-+
| AL E@ N-channel depletion-
S mode MOSFETT

Depletion- Enféancement-
mode moade

UGS U UGS

The depletion MOSFET is "on" even when Usg = 0 V because the channel had
already been formed during fabrication. The number of charge carriers in the
channel is changed depending on the polarity of the gate voltage. If a positive
voltage Ugg > O is applied, it will attract electrons to the channel and the device
will operate in the enhancement mode and the current will increase. If the gate
voltage is negative Usg < O, it will drive the electrons from the channel and the
device will operate in the depletion mode and the current will decrease. Once the
gate voltage is sufficiently negative the drain current will be interrupted.
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The depletion MOSFET is "on" when Ugg = 0 V. If Ugg > O, the device will operate
in the enhancement mode. The more positive the gate voltage is the greater will
be the drain current. If Ugg < 0, the device will operate in the depletion mode.
Therefore the more negative the gate voltage is the smaller the drain current will
be. If the gate voltage is sufficiently negative, the device will be switched off.
Depletion n-channel transistors have negative threshold voltages U; contrary to
enhancement n-channel devices that have positive thresholds.



