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In this lecture, MOSFET will be further studied.

1 Current-Voltage Characteristics of MOSFET

1.1 Circuit Symbols

Here, the n-channel enhancement-type MOSFET will be considered. The circuit
symbols for MOSFET in shown in Figure 1. In Figure 1(a), an arrow is shown
in the terminal B, or the body terminal. This indicates that it is an NMOS, or
the body is of p type. Hence, a current can be driven into the device with a
positive voltage at B if the drain (D) and the source (S) are grounded.

Even though a MOSFET is a symmetrical device, for better book keeping, it
is better to designate one of the terminals as source (S) and the other terminal
as (D). For NMOS, the current flows out of the source, as indicated by an
arrowhead in Figure 1(b). By convention, the current always flows from top
to down, and clearly indicating that this is an NMOS device; and hence, the
arrowhead in B can be omitted. Also, for NMOS, the drain is always at a higher
potential than the source. Sometimes the symbol for B is completely omitted
as shown in Figure 1(c).

A variety of other circuit symbols are used in practice as shown in Figure 2,
but in this course, only those in Figure 1 shall be used.

1.2 iD-vDS Characteristics

Figure 3 (Table 5.1 of the textbook) shows the operation characteristics of an
NMOS transistor. The transistor characteristics are shown in the cutoff region,
triode region, and the saturation region.

When vGS < Vtn,1 the transistor is in the off mode, since no channel is
formed and no current can flow. When vGS > Vtn or vGS = Vtn + vOV , the
transistor is in the on mode, and the iD-vDS curve is as shown.

The transistor is in the saturation region if vDS is larger than the overdrive
voltage vOV . This is also the case when the channel is pinched off. Increasing
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1Here, Vtn is the threshold voltage for NMOS.
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Figure 1: Different circuit symbols for enahancement-type NMOS (Courtesy of
Sedra and Smith).

Figure 2: Different symbols for MOSFET used in practice (Courtesy of WI-
KICHIP).
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Figure 3: Regions of operation of the NMOS transistor (Courtesy of Sedra and
Smith).
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Figure 4: The channel region when the transistor is in the saturation mode.
It is to be reminded that the vertical axis represents the charge density in the
channel, not the depth (Courtesy of Sedra and Smith).

the vGS beyond vOV increases the depletion region, causing the excess voltage
to drop across the depletion region. This is indicated in Figure 4.

To be in the triode region, there should be no pinch-off in the channel. As
indicated in Figure 5 (reproduced here from the previous lecture), vGD has to
be larger that Vtn. Keeping this in mind, Figure 6 shows the different regimes
of operation of the NMOS transistor.

Using the fact that at saturation, vDS = vOV , then

iD =
k′n
2

W

L
v2OV (1.1)

The cross-over points from triode region to the saturation region is marked by
a parabola as shown in Figure 7 where vDS = vOV at these points.

1.3 iD-vGS Characteristics

When used as an amplifier, the NMOS transistor operates in the saturation
regime. In this regime, as shown before

iD =
k′n
2

W

L
(vGS − Vtn)2 =

k′n
2

W

L
v2OV (1.2)

The iD-vGS relation of the transistor is shown in Figure 8. The current iD
grows algebraically when vGS exceeds Vtn. This is less dramatic and unlike the
BJT where the current grows exponentially fast with respect to the vBE voltage.
This represents an important difference between a BJT and a MOSFET: this
algebraic growth makes the MOSFET more nonlinear than a BJT.

Since the current iD does not change for different vDS , it can be modeled as
a voltage-controlled current source in this regime. This is shown in Figure 9.
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Figure 5: The shape of the channel of NMOS in the just before it reaches the
saturation regime (Courtesy of Sedra and Smith).

Figure 6: Different regimes of operation of the NMOS transistor (Courtesy of
Sedra and Smith).
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Figure 7: The iD-vDS curves of an NMOS transistor for different VOV (Courtesy
of Sedra and Smith).

Figure 8: The iD-vGS curves of an NMOS transistor indicating its algebraic
growth rather than the exponential growth of a BJT (Courtesy of Sedra and
Smith).
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Figure 9: Equivalent circuit model of a NMOS transistor as a voltage controlled
current source (Courtesy of Sedra and Smith).

1.4 Finite Output Resistance in Saturation

When vDS is larger than VOV , the depletion region around the drain region
grows in size. This is because the pn junction near the drain is in reverse bias
while the pn junction near the source is in forward bias. So most of the excess
voltage is dropped across the depletion region near the drain region, and the
channel length becomes shorter as shown in Figure 4. As the channel length be-
comes shorter, the electric field which is proportional to vDS/L becomes larger.
Consequently, the drift current increases, and iD increases with increasing vDS

as shown in Figure 10. This effect is called the channel-length modulation
effect. This effect can be incorporated by including a factor of (1 + vDS/VA)
giving rise to a formula for the drain current as

iD =
1

2
k′n
W

L
(vGS − Vtn)2(1 +

vDS

VA
) (1.3)

where VA is a measure of how sensitive this channel-length modulation is to vDS .
The negative intercept of the iD-vDS curve is at −VA. Here, VA is referred to as
the Early voltage because this effect is similar to the Early effect, attributed to
J.M. Early, found in BJT. Notice that the smaller VA is, the more pronounced
is the Early effect.

It is found empirically that VA becomes smaller with decreasing channel
length L. As device gets smaller, the channel length becomes smaller. Therefore,
it is prudent to define

VA = V ′AL (1.4)

so that V ′A is independent of device size. The above formula together with the
plots in Figure 10 indicates that this channel-length modulation effect is stronger
for smaller device dimensions. The reason is that the excess vDS voltage drop
is shouldered by the depletion region, and the width of the depletion region
grows with this excess voltage. Also, switching voltages in circuits are about 1
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Figure 10: The channel-length modulation effect causes the iD-vDS character-
istics to change for different VOV (Courtesy of Sedra and Smith).

to 5 V, remaining about constant when device dimensions becomes smaller as
predicted by Moore’s law. Hence, percentage-wise, the effect of the depletion
region growth becomes more pronounced with decreased device dimensions.

Because of the non-zero slope of the iD-vDS curve, an incremental resistance
can be defined as

ro =

[
∂iD
∂vDS

]−1
vGS=constant

(1.5)

The above can be derived to be

ro =

[
λ
k′n
2

W

L
(vGS − Vm)2

]−1
(1.6)

where λ = 1/VA. One can rewrite the above as

ro =
VA
I ′D

(1.7)

with

I ′D =
k′n
2

W

L
(VGS − Vtm)2 (1.8)

The equivalent circuit model of NMOS is then given in Figure 11. One can show
this to be the case by rewriting (1.3) as

iD =
k′n
2

W

L
(vGS − Vtn)2(1 +

vDS

VA
) =

k′n
2

W

L
(vGS − Vtn)2 +

vDS

ro
(1.9)

The above can be represented as a voltage current source in parallel with the
resistor ro.

The following examples are from Sedra and Smith.
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Figure 11: The equivalent circuit for an NMOS transistor when the Early effect
is accounted for by including an output resistance ro (Courtesy of Sedra and
Smith).
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