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MOSFET
The metal-oxide-semiconductor field-effect transistor (MOSFET) becomes a practical
reality in the 1970s.

The MOSFET, compared to BJTs, can be made very small, that is, it occupies a very small
area in IC chip.

In the MOSFET, the current is controlled by an electric field applied perpendicular to both
the semiconductor surface and to the direction of current.

The phenomenon applying an electric field perpendicular to the surface is called the field
effect.

Basic MOS capacitor structure
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The basic MOS capacitor structure
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The Physics of the MOS Capacitor
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{a) A parallel-plate capacitor, showing the electric field and conductor charges,
{b) a corresponding MOS capacitor with a negative gate bias, showing the electric field and
charge flow, and {c) the MOS capacitor with an accumulation layer of holes
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The MOS capacitor with p-type substrate: (a) effect of positive gate bias,
showing the electric field and charge flow, (b) the MOS capacitor with an induced space-
charge region due to a moderate gate bias, and (c) the MOS capacitor with an induced
space-charge region and electron inversion layer due to a larger gate bias
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The Physics of the MOS Capacitor for N-type Semiconductor Substrate
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The MOS capacitor with n-type substrate for: (a) a positive gate bias, (b) a
moderate negative bias, and {c) a larger negative bias

O Enhancement mode: a voltage must be applied to the gate to create an inversion layer.
v' P-type: a positive gate voltage must be applied to create the electron inversion layer
v" N-type: a negative gate voltage must be applied to create the hole inversion layer
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O Transistor Structure

Source

{a) Schematic diagram of an n-channel enhancement mode MOSFET and
{b) an n-channel MOSFET, showing the field oxide and polysilicon gate

O Transistor Operation

(Substrate bias)

@

Gate (G)

Source ()
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Substrate or body (B)

{a) Cross section of the n-channel MOSFET prior to the formation of an electron
inversion layer, {b) eguivalent back-to-back diodes between source and drain when the
transistor is in cutoff, and {c) cross section after the formation of an electron inversion layer
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Large enough positive
voltage induces an
electron inversion layer.
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(b) (] Connection between D and
S is created so that a
current can be generated.
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MOSFET Current-Voltage Characteristics
The threshold voltage of the n-channel MOSFET is denoted as Viy and is defined as the
applied gate voltage needed to create an inversion charge.

We can think of the threshold voltage as the gate voltage required to “turn on” the
transistor.

Vor < Vo +¥ps Vor > Yy +¥py
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Space- Induced electron
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(@) (b)

The n-channel enhancement-mode MOSFET (a) with an applied gate voltage
Vos < Vry, and (b) with an applied gate voltage vgg = Voy
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MOSFET Current-Voltage Characteristics

O The lp versus Vpscharacteristics for small values of Vps

Vizso @ Vigsl

. Vo1 > Vin

Figure 5.8 Plot of iy versus
vne characteristic for small
values of vpg at three vgg
voltages
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Ideal MOSFET Current-Voltage Characteristics
O Nonsaturation (triode) Region

Vbs < Vbs(sat) = Ves _VTN
. 2 2
Ip = Kn[Z(VGS _VTN )VDS o VDS] - Kn(ZVDS(%tt)VDS o VDS)

O Saturation Region

Vbs > Vps(sar) (also Ves >VTN)

s 2
lp = Kn(VGS _VTN) Vs3> Vs
Note: In the saturation region,

1 .

r-O
vm>vm
Vo™ Yes1

VGSI:" Vm}ﬂ

P
r

¥Yns

Figure 5.10 Family of i, versus vpg curves for an n-channel enhancement mode MOSFET
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Conduction Parameter
O Conduction Parameter
_W Gy
"L

(conduction parameter)

1 : :
C,, : oxide capacitance per unitarea  C_ oc—, t :oxidethickness
t
: electron mobility ox

Hy
W : channel width
L : channel length

O The conduction parameter is a function of both electrical and geometric parameters.

v' Electrical Parameters: The oxide capacitance and carrier mobility are essentially
constants for a given technology.

W K

K =—-— K’ :constant

n L n

v Geometrical Parameters: The width-to-length ratio (W/L) is a variable in the design of

MOSFETSs that is used to produce specific current-voltage characteritics in MOSFET
circuits.
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Example 5.1 Objective: Calculate the current in an n-channel MOSFET.

Consider an n-channel enhancement mode MOSFET with the following pa-
rameters: Vpy = 0.75V, W = 40pm, L = 4pm, 1, = 650 cm?/V-s, t,, = 450 A, and €,,
= (3.9)(8.85 x 107'*) F/em. Determine the current when Vgg = 2V, for the transistor
biased in the saturation region.

Solution: The conduction parameter is determined by Equation (5.3(a)). First, con-
sider the units involved in this equation, as follows:

em?\  (F
W(°m)'“”(ﬁ)€°x(36) F_(C/V)_A

K - =
" 2L(cm) - t,,(cm) V—s V-s V?

The value of the conduction parameter is therefore

o = Witnor _ (40 x 1074)(650)(3.9)(8.85 x 107'*)
" 2Lt,. 2(4 x 1074)(450 x 107%)

or
K, = 0.249mA/V?
From Equation (5.2(b)) for vgg = 2V 7y, We find
ip = K,(vgs — Voy) = (0.249)(1.5 — 0.75)* = 0.140mA
Comment: The current capability of a transistor can be increased by increasing the

conduction parameter. For a given fabrication technology, K, is adjusted by varying the
transistor width W.
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PMOS
In the p-channel enhancement-mode device, a negative gate-to-source voltage must be
applied to create the inversion layer of holes that connects the source and drain regions.

The threshold voltage, denoted an VTP for the PMOS is negative for an enhancement-
mode devices. The threshold voltage is positive for a depletion-mode device.

Holes flow from the source to the drain, the conventional current enters the source and
leaves the drain.

Yoo YsD

Vs
J_ ; Gate o Drain JT_ 5 1 G D
: TI-D

P ] P P
n-type n-type p-chamnel
i[ Body l Body
(@) ()

Cross section of p-channel MOSFETs: (a) enhancement-mode and
{b) depletion-mode

RN ST I Electronics |, Neamen 3th Ed. 12



Ideal PMOS Current-Voltage Relationship

O Nonsaturation (triode) Region

When Vg, < Vg gy = Vg +Vop -
iD - Kp[Z(VSG +VTP)VSD _Véo] — Kp(ZVSD(sat)VSD _Véo)

O Saturation Region
WhenvVg, > Vg (8180 Vs +V >0) 1 iy = K (Vg +Vp)?

Example 5.2 Objective: Determine the source-to-drain voltage required to bias a
p-channel depletion-mode MOSFET in the saturation region.

Consider a depletion-mode p-channel MOSFET for which K, = 0.2 mA/Vz, Vorp
= +40.50V, and ip = 0.50 mA.

Solution: In the saturation region, the drain current is given by
ip = K,(vs¢ + Vrp)

or
0.50 = 0.2(vgg + 0.50)*

which yields

VsGg = 1.08V
To bias this p-channel MOSFET in the saturation region, the following must apply:

Vep > VSD(Sat) = VsG + VTP = 1.08 + 0.5=1.58V

LR TR S Electronics |, Neamen 3th Ed.
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P-channel enhancement-
mode MOSFET
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Depletion-Mode MOSFET
O When zero volts are applied to the gate, an n-channel region (inversion layer) exists under
the oxide of impurities introduced during device fabrication.
O The term depletion mode means that a channel exists even at zero gate voltage.

O A negative voltage must be applied to the n-channel depletion-mode MOSFET to turn the
device off.

Vor =0 +¥pr Vg <vge <0 +vpg

5 G D s G D
-4 T -4 I
i in l ip
nt n* nt T /R — G
n-chammel Depletion
piype p-type region
@ )
Vg > 0 +¥pg
5 G D

|||—
—
—
-—
5

Electron
accurnulation
p-type layer

]
©

Cross section of an n-channel depletion mode MOSFET for: (a) vgs =0,
{b) veg < 0,and {¢) vz = 0
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|-V Curves and Circuit Symbols for Depletion-mode MOSFET

wlw!

Va2 7 Vet VYox
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Vs = 0 (@)
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Figure 5.13 Family of /5 vesus vpg curves for an n-channel depletion mode MOSFET <
(b)

Figure5.14 The n-channsl
depletion-mode MOSFET:
{a) conventional circuit
symbol and {b) simplified
circuit symbol
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Depletion-Mode PMOS Circuit Symbols
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CMOS

O Complement MOS (CMOS) technology uses both NMOS and PMOS in the same circuit.

O To design electrically equivalent NMOS and PMOS devices, adjusting the W/L ratios of the
transistors is required.

Field oxide Polysilicon gate Metal Metal contact

(ate oxide k ’J

n-substrate

Figure5.18 Cross sections of n-channel and p-channel transistors fabricated with a p-well
CMOS technology

LR T Electronics I, Neamen 3th Ed. 18



Summary of MOS Transistor Operation

Summary of the MOSFET current—voltage relationships

NMOS

PMOS

Nonsaturation region (vps < vpg(sat))

in = Ku[2(vgs — Virw)vps — 1’%}5’]
Saturation region (vpg > ¥pgisat))
in = Ky(vgs — Vew)*
Transition pont
vps(sat) = vgg — Vrw
Enhancement mode
Vo = 0
Depletion mode
Vea < 0

Nonsaturation region (vep < vgp(sat))

- 2
in = K,[2(vsg + Vrp)vsp — Vsp)
Saturation region (vgp = vepl(sat))
- 2
in = K,(v5q + Vip)
Transition point

vgplsat) = vgg + Vyp
Enhancement mode

VTP < ()
Depletion mode
Vg = ()

LR T Electronics I, Neamen 3th Ed. 19



Finite Output Resistance

O For Vpg > Vpgeys the actual point in the channel at which the inversion charge goes to
zero moves away from the drain terminal. The effective channel length decreases,
producing the phenomenon called channel length modulation.

O Actual I-V Curves

5 = K, [(Ves —Vin )*(1+ AWVps)]

Effect of channel length modulation, resulting in a finite output resistance

O The Output Resistance

-1

ol .
I, = GVES - [lKn (VGSQ _VTN)Z] .

VGS=C0I’]St.

I’O ~ [ﬂ,l DQ]_l = 1 = VA

LR TR S Electronics |, Neamen 3th Ed.
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Body Effect

The threshold voltage is constant only when the substrate (body) is connected to the
source.

The threshold voltage changes due to the biased voltage offset between the source and
the substrate. This is called the body effect.

S, Vi Vo Vop

D2
nt n n'
\‘ﬁ—'l kﬁ,——'
p-substrate
Two n-channel MOSFETs fabricated in series in the same substrate

Vi :VTNO+7[\/2¢1‘ T Vg _\/ﬂ] *

Vino © threshold voltage for Vg =0

YV : body-effect parameter, typically 0.5

An n-channel

¢f . semiconductor parameter, typically 0.35 enhancement-mode MOSFET
with a substrate voltage
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Subthreshold Conduction

O When Vggis slightly less than VTN , the drain current is not zero. The current is called the
subthreshold current.

O The effect may be significant if hundreds or thousands of devices on an integrated circuit
are biased just slightly below the threshold voltage, the power supply current will not be
zero but may contribute to significant power dissipation in the integrated circuit.

iD — Kn(VGS _VTN)2 Vip 4

\/iD = \/Kn (Vos —Vin)

Experimental

\y;,f -
_tf
Vi

Plot of \/ip

Versus veoe characteristic
showing subthreshold
conduction

. 3
Yo
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Breakdown and Temperature Effects

Breakdown: The drain-to-substrate pn junction may break down if the applied drain
voltage is too high and avalanche multiplication occurs. The breakdown is the same
reverse-biased pn junction breakdown.

Punch-through: when the drain voltage is large enough for the depletion region around
the drain to extend completely through the channel to the source terminal. This effect
causes the drain current to increase rapidly with only a small increase in drain voltage.

Near-avalanche: The source-substrate-drain structure is equivalent to that of a bipolar
transistor. As the device size shrinks, we may begin to see a parasitic bipolar transistor
action with increases in the drain voltage. This parasitic action enhances the breakdown
effect.

If the electric field in the oxide becomes large enough, breakdown can also occur in the
oxide, which can lead to catastrophic failure.

Temperature Effect

v' Threshold voltage decreases with temperature, thus the drain current increases with
temperature with a given Vgs

v' The conduction parameter decreases as the temperature increases.
v' The net effect of increasing temperature is a decrease in drain current at a givenVGs.
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NMOS Common-Source Circuit

Example 5.3 Objective: Calculate the drain current and drain-to-source voltage
of a common-source circuit with an n-channel enhancement-mode MOSFET.

For the circuit shown in Figure 5.24(a), assume that R; = 30k, R, =20k$2, Rp
=20k, Vpp =5V, Vyy =1V, and K, = 0.1 mA/V>.

Solution: From the circuit shown in Figure 5.24(b) and Equation (5.12), we have

R, 20
G GS (Rl + Rz) Voo (20 + 30)(5 S

Assuming the transistor is biased in the saturation region, the drain current is

In =K,(Vgs — Vin)* = (0.D2 = 1) = 0.1mA Vep=5V T
and the drain-to-source voltage is T
Vps =Vpp —IpRp =5—-(0.1)(20) =3V l -
DS pp — ipfip Rp =20 k0 Ip=0.1mA
R, =30k
+
V= %)(5) Vs =5 — (0.1)(20)
=2V D
R, =20k Vos=2V_

LR TR S Electronics |, Neamen 3th Ed.
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PMOS Common-Source Circuit

Example 5.4 Objective: Calculate the drain current and source-to-drain voltage V.DD =5V
of a common-source circuit with a p-channel enhancement-mode MOSFET.

Consider the circuit shown in Figure 5.25(a). Assume that R; = R, = 50k, Vpp T
=5V, Ry = 7.5k, V7p = —0.8V, and K, = 0.2mA/V’. 4

Solution: From the circuit shown in Figure 5.25(b) and Equation (5.15(a)), we have

Vo= (7 ) Von) = (55355) =25V R, =50k ;’sso;
The source-to-gate voltage is therefore 50 _ +

Veo = Vpp— Vg =5-25=25V Vo= (1_[1.3)(51' Vip =5 - (0.578)(1.5)
Assuming the transistor is biased in the saturation region, the drain current is =23V - 9'665 s V‘E'D(Eﬂﬂ

Iy =K,(Vsg + Vrp)* = (0.2)(2.5 - 0.8)> = 0.578 mA R, =50 k&2

Rp= Ip=0578 mA

and the source-to-drain voltage is 7 SD KO (Mot )

Vep = Vpp —IpRp =5 —(0.578)(7.5) = 0.665V ]

Since Vgp = 0.665 V is not greater than Vgp(sat) = Vg + Vrp =2.5-08 =17V,
the p-channel MOSFET is not biased in the saturation region, as we initially assumed. =

In the nonsaturation region, the drain current is given by

, VDD - 5 -l';l'r

Ip =K, 2(Vsg + Vrp)Vsp — Vipl
and the source-to-drain voltage is T

Vsp=Vpp —IpRp
Combining these two equations, we obtain R SOKO Vo= +

Ip = K25 + V1) Voo = InRb) ~ (Vop — InRp)'] S 25y

) — +
or - -
_ | - | Vep = 5 —(0.515)(7.5)

Ip = (0.2)[2(2.5 — 0.8)(5 — Ip(7.5)) — (5 — Ip(7.5))*] V’:’ =23V = =114V

Solving this quadratic equation for /p, we find _
Ip =0.515mA R,= 5Dk£l§ RD= ID:D,S]SM
We also find that 7.5 kL l (Correct)
Vsp = 1.14V

Therefore, Vsp < Vsp(sat), which verifies that the transistor is biased in the nonsatura- -

tion region.
PE A FWA R kP Electronics I, Neamen 3th Ed. 25



Vi=45V
Rp
Vi)
R =50k Vs
Ry
V =5V

Figure 3.27 Circuit configu-
ration for Example 3.5
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DESIGN EXAMPLE 3.5

Objective: Design a MOSFET circuit biased with both positive and negative vo
ages to meet a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 3.2
Design the circuit such that /9 = 0.5 mA and Vpsg = 4 V.

Choices: Standard resistors are to be used in the final design. A transistor with no
inal parameters of k, = 80 WA, (W/L) =6.25, and Vry = 1.2V is availabl
The parameters k;, and Vry may vary by £5 percent.

Solution: Assuming the transistor is biased in the saturation region, we ha
Ipo = K,(Vigs — Vra)?. The conduction parameter is

kKW 0.080
K,=-2.—=-"—.625=0.25mA/V"
2 L 2

Solving for the gate-to-source voltage, we find the required gate-to-source voltage.
induce the specified drain current.

, /05+]2
GS — 0.5

Vs = 2.614V

Electronics |, Neamen 3th Ed. 26



Since the gate current is zero, the gate is at ground potential. The voltage at the

source terminal is then Vg = — V9 = —2.614 V. The value of the source resistor is
found from
Ve — V™ —2.614 — (-5)
RS = =
Ipg 0.5
or
Ry =477k

The voltage at the drain terminal is determined to be
Vp=Vi+ Vpg=-26144+4=1386V
The value of the drain resistor is

Vt—Vp 5-1.386
RD: =

Ipg 0.5
or
Rp =7.23kQ
We may note that

VDS =4V > VDS(sat) = VGS — VTN =261—-12=141V

which means that the transistor is indeed biased in the saturation region.

RN S TR A Electronics |, Neamen 3th Ed.



DESIGN EXAMPLE 3.6

Objective: Design a circuit with a p-channel MOSFET that is biased with both pos-
itive and negative voltage supplies to meet a set of specifications.

Specifications: The circuit to be designed is shown in Figure 3.30. Design the cir-
cuit such that Ipp = 100 uA, Vspo = 3V, and Vgs = 0.8 V. The value of the larger
bias resistor, either R, or R;, is to be 200 k€2.

Choices: A transistor with parameters of K, = 100 1A/V? and Vyp = 0.4V is
available. Standard resistor values are to be used in the final design.

Solution: Assuming that the transistor is biased in the saturation region, we have
Ipg = K,(Vsg + Vrp)®. Solving for the source-to-gate voltage, we find the re-
quired value of source-to-gate voltage to be

Ing 100
Vg = |22 = Vpp = ) — — (—0.4
SG X, TP ™ ( )
or

Vsg =14V
The voltage at the gate with respect to ground potential is found to be
Vo=V —Ves —Vs6=25-08-14=03V

With Vg > 0, the resistor R, will be the larger of the two bias resistors, so set

Ry = 200 k€2. The current through R; is then
b = V-V~ 03—-(-25)
TR, T 200

RN S TR A Electronics |, Neamen 3th Ed.

= 0.014 mA

Vvt=25V
O
R
R, S
Vg
R
2 RD
O
V=25V

Figure 3.30 Circuit configu-
ration for Example 3.6
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Since the current through R; is the same, we can find the value of R; to be
VF -V 25-03

M= o T 0014
which yields
R, = 157kQ2
The source resistor value is found from
reo Vis 08
Ipg 0.1
or
Rs = 8kQ

The voltage at the drain terminal is
Vp=Vt —Vgs — Vsp =25—-08-3=-13V
Then the drain resistor value is found as
Vp -V~ —13—-(-2.5)
Ing 0.1

Rp =
or

Rp = 12k€2

Trade-offs: Using standard resistors, we find values of Rp = 12k (designed
value), Rg = 8.2k (from 8k2), R; = 160k (from 157k2), and R, = 200 k2

RN S TR A Electronics |, Neamen 3th Ed.
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(designed value). Using these standard resistors, we find
Ry 200
Ve=[—|5)-25=|=—=——= ()25
¢ (R1+R2)() (200+160)( )

Vo = 0278V
We can then write

2.5 =1IpRs+ Vsc +0.278
where

Ip = K,(Vsg + Vrp)®

We find Vg = 1.40V, Ipg = 0.10mA, and Vspgp = 2.98 V. The ideal dest
load line and load line using the standard resistor values, along with the ¢-
values, are shown in Figure 3.31. ’

or

In (mA) 4

0.25
0.248

Ideal Q-point
010F————s— g ===~ — ==

i
|
|
]
|

| 1 e
2.98 3.0 5 Vgp(V)

Figure 3.31 Load lines and Q-point values for circuit in Example 3.6.
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Load Line
O Load Line

VDS: DD_IDRD:5_ID(20)
5 VDS

|D: —
20 20

(MA)

ip (mA) A
0.30 -

Nonsaturation | VDS (sat) =V — Vry

0.25 =~ region 4
020 - /Tramiﬁon point

0.15 \

Q-point
0.10 v Vr_';gg =2V
Saturation re gion\_{\
0.05 i Cutoff
| | | J./ -
0 2 3 4 5 Vi

Transistor characteristics, vpg{satl) curve, load line, and @-point for the NMOS
common-source circuit in Figure 5.24(b)
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Example 5.5 Objective: Determine the transition point parameters for a common-
source circuit.

Consider the circuit shown in Figure 5.24(b). Assume transistor parameters of
Vv =1V and K, = 0.1 mA/ V2.

Solution: At the transition point,

Vps = Vps(sat) = Vgs — Vov = Vpp — IpRp
The drain current is still

Ip = K,(Vs — Vin )

Combining the last two equations, we obtain

Ves — Vv = Vop — KuRp(Vos — Vv’
Rearranging this equation produces

K,Rp(Vos — Vin)* + (Vos — Ven) — Vop =0
or

(0.1)20)(Vgs — Vin): +(Vos — Vey) = 5=0

Solving the quadratic equation, we find that

VGS - VTN =135V = VDS =
Therefore,
VGS = 235V

and
Ip = (0.1)(2.35 — 1)* = 0.182mA
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DESIGN EXAMPLE 3.8
Objective: Design the dc bias of a MOSFET circuit to meet a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 3.34.
The quiescent Q-point values are to be Ipp = 0.25mA and Vpgp = 4 V. The volt-
age across Rg should be Vrs = 1V, The current in the bias resistors should be ap-

proximately 20 pA.

Choices: Discrete resistors are to be used in the final design. A transistor with para-
meters of k, = 80 MA/VZ, W/L =4, and V7 = 1.2V is available. The resistors Rp
and Ry have tolerances of £10 percent.

Solution: The source resistor is determined as

V 1
=& - —4kQ
Ipo 0.25
The drain resistor is found from a KVL equation around the drain-source loop. We

have

5=1poRp+ Vps+IpgRs—5

Rs

Figure 3.34 NMOS
common-source circuit with
or source resistor

5=(0.25Rp+4+4(0.254) -5

which yields
Rp = 20k
Since the current through the bias resistors is to be 20 A, we can find
545
R+ Rh=—— =500kQ
R = 5000
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The gate-to-source voltage can be found from
k, W

Ip = 5T (Vos — Vra)®
or
0.25 = @ A(Vge — 1.2)°
which yields
Vs =245V

We can write

Ves =V — Vs = [(ﬁ%)(lo) — 5] — [IpRg — 3]
or

245 = [(_R_z) (10) — 5:| — [(0.25)(4) — 5]

500

which yields

Ry = 172.5kS2
Then

Ry = 327.5k2

LR TR S Electronics |, Neamen 3th Ed.
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Desigh Example 5.7 Objective: Design a MOSFET circuit biased with a
constant-current source.

The parameters of the transistor in the circuit shown in Figure 5.30(a) are Vyy
= 0.8V, k, =80pA/V?, and W/L = 3. Design the circuit such that the quiescent values .
are I, =250pA and V) =25V, 'D
Solution: The dc equivalent circuit is shown in Figure 5.30(b). Since v; = 0, the gate is

at ground potential and there is no gate current through R. |
Assuming the transistor is biased in the saturation region, we have ! |

k, W
Ip = 5 T(VGS — Vry) Vi KRg
or 1 L
80
250 = (7) -(3) (Vs — 0.8)°
which yields rSY
Vos = 2.24V (@)
The voltage at the source terminal is Vg = — Vg = —2.24 V. Rp
The drain current can also be written as
;5= Vo Vo
D g
R +
b AL - {r V.S'
For Vp = 2.5V, we have = Vo B
5-25 CD IQ
Rp = 035 = 10k
&)
The drain-to-source voltage is _5Y
Vps=Vp—Vsg=25—-(-224)=4.74V (b)

Since Vps=4.74V > Vpg(sat) = Vgg — Voy = 2.24 — 0.8 = 1.44V, the transistor is
biased in the saturation region, as initially assumed.
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Nonlinear Resistor

O An enhancement-mode MOSFET is used as a nonlinear resistor.
O The transistor is always biased in the saturation region and called a load device.

Vbs = Vs

Vi, >0

> Vpsisar) = Vos — Vi

iD = Kn (VGS _VTN)2 = Kn(VDS _VTN)2

ip (A) 4

10
. Vpy (sat) = Ve — Voy
8 I
"J||' -

Transistor
6 characteristics
5 I
4 -
3 -
2 -
1 —
| ] ] ] ] .

0 1 2 3 4 5 Ypg (V)

R A

Current—voltage characteristic of an enhancement load device

LY Electronics I, Neamen 3th Ed.
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You

¥

Enhancement-
mode NMOS device with the
gate connected to the drain
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Example 5.8 Objective: Calculate the characteristics of a circuit containing an
enhancement load device.

Consider the circuit shown in Figure 5.34 with transistor parameters Vyy = 0.8V
and K, = 0.05mA/V?2.

Solution: Since the transistor is biased in the saturation region, the dc drain current is

given by
Ip = K,(Vas — Vin) Vpp=>V

and the dc drain-to-source voltage is [
Vps =Ves =5—1IpRg

Combining these two equations, we obtain +
Vos = 5 — KuRs(Vas — Vix)’ | e

Substituting parameter values, we obtain Ve

Vs =5 — (0.05)(10) (Vg — 0.8)?
ip l R:=10kQ
which can be written as

0.5VEis +0.2Vss —4.68 =0

Circuit
containing an enhancement
Vs =327V and Vgg=+287V load device

The two possible solutions are

Since we are assuming the transistor is conducting, the gate-to-source voltage must be
greater than the threshold voltage. We therefore have the following solution:

Vos = Vps =287V and Ip =0.213mA
LR T Electronics I, Neamen 3th Ed. 37



Example 5.9 oObjective: Determine the dc transistor currents and voltages in a
circuit containing an enhancement load device.

The transistors in the circuit shown in Figure 5.35 have parameters Vyyp = Vouy
=1V, K,p = 50puA/V?, and K, = 10uA/V?. (The subscript D applies to the driver
transistor and the subscript L applies to the load transistor.) Determine V,, for V; = 5V
and V; = 1.5V.

Solution: (¥, = 5V) Assume that the driver transistor A p 1s biased in the nonsatura-
tion region. The drain current in the load device is equal to the drain current in the
driver transistor. Writing these currents in generic form, we have

Ipp =1py
or
Kopl2(Vesp = Vano)Voso = Vbsol = KulVase — Vnil’
Since Vigsp = Vi, Vpsp = Vo, and Vgs; = Vpsy = Vpp — Vo, then
Kp2(V1 = Vinp)Vo — Vol = KutlVop — Vo — Vi
Substituting numbers, we find
(50)(2(5 = DVo = V5l = (105 — Vo — 1T
Rearranging the terms provides
3V —24V5+8=0
Using the quadratic formula, we obtain two possible solutions:
Vo =165V or Vy=0.349V

Since the output voltage cannot be greater than the supply voltage Vpp = 5V, the valid
solution is V', = 0.349V. ' '
Also, since Vpsp = Vp =0.349V < Vesp — Vynp = 5 — 1 =4V, the driver My, is
biased in the nonsaturation region, as initially assumed.
The current can be determined from

2
ID = KnL(VGSL - VTNL)2 = KnL(VDD - VO - VTNL)
or

Ip = (10)(5 - 0.349 — 1)> = 133 puA

Vop=5V

l Ipr
.'.
+—| M L VDSL ]..C@.d

Vost

p— Vlﬂ

i‘rDD
.I_
Vr o—l Mp Vpep Driver
+

Vesp
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Solution: (V; = 1.5V) Assume that the driver transistor M, is biased in the saturation
region. Equating the currents in the two transistors and writing the current equations in
generic form, we have

Ipp =Ip
or
K.plVesp = Vewpl” = K Vst — Vin]
Again, since Vgsp = Vi and Ve = Vpst = Vpp — Vo, then
KuplVi = Vool = Ko lVon — Vo — Viwel
Substituting numbers and taking the square root, we find
VS0[1.5—11=+10[5— Vo — 1]

which yields Vy = 2.88 V.,

Since Vpsp = Vo =288V > Vgsp — Vyvp = 1.5 — 1 = 0.5V, the driver transistor
M, 1s biased in the saturation region, as initially assumed.

The current is

Ip = K,p(Vgsp — Vrwp)’ = (50)(1.5 = 1)* = 12.5pA

RN S TR A Electronics |, Neamen 3th Ed.
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The Transition Point for Saturation and Non-saturation Regions

(1) Load Device Transistor Characteristics

o = Ky Vog — Vi) oo e
=K (VDD TNL Vo)2 iIDL | 2
(2) Transition Point for the Driver Transistor TLl EL e e
Vo (sat) = Voo — Vo _ 'F% ol %“%
The current in the saturation region, p— ED Voep  Drver  Vor|T »\
|DD(Sat) = KnD (VGSD — TND) = KnDVDZSD(Sat) - L % V“im :fn
(3) For the transition input voltage Voo =V,
The transition output voltage Vo =Vo = Vo sy = Vii = Vino
IDD(Sat) = IDL |DD 4 .IDD(Sat) IDL
KnD (Vlt _VTND) nL (VDD TNL Vlt +VTND)2 | ' /V
\/KinD(\/lt TND) \/T(\/DD TNL It +VTND) i / \ // |
V, _VDD — Vi +VTND(1+m) _/'l ~  “ >
1+ Koo /Ky Vor Voo =V Voo

RN ST I

Electronics I, Neamen 3th Ed.
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Depletion-mode MOSFET as a Load Device

Vpp
[
In .
i iph Vo (580 = Vo — Yy = — Vg
* /
Ve = 0
_| E Yo | i
- |
|
|
l :
= Vps (sat) Vos
(@) (b)

{a) Depletion-mode NMOS device with the gate connected to the source and
{b) current—voltage characteristics

Example 5.10 Objective: Calculate the characteristics of a circuit containing a Vop
depletion load device. v
For the circuit shown in Figure 5.38 the transistor parameters are Vyy = —2 V and N
K,=0.1 mA/VZ. Assume that Vpp =5V and Rg = SkS2. v
_| Dy
Solution: If we assume that the transistor is biased in the saturation region, then the -

dc drain current is

Ip = K,(Vgs — Vin)* = Ky(=Vrn)* = (0.1)(=(=2))" = 0.4mA

In this case, the transistor is acting as a constant-current source. The dc drain-to-source In l Ry
voltage is
Vps = Vpp — IpRg = 5 — (0.4)(5) = 3V =
) Circuit
Since containing a depletion
load device
VDS = 3V > Vps(sat) = VGS — VTN = 0 - (—2) = 2V
41
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Example 5.11 Objective: Determine the dc transistor currents and voitages in a
circuit containing a depletion load device.

Consider the circuit shown in Figure 5.39 with transistor parameters: Vyyp =1V,
Vive = =2V, K,p = 50pA/V?, and K,; = 10pA/ V2. Determine V,, for V; = 5V.

Solution: Assume the driver transistor M, is biased in the nonsaturation region and
the load transistor M; is biased in the saturation region. The drain currents in the two
transistors are equal. In generic form, these currents are

Vop
Ipp =IpL i I
L
M; Vpo
K.p[2(Vesp — Vrnp)Vosp — Vispl = Kut[Vesi — Vvl _l g Ii”‘ Load
Since VGSD = V[, VDSD = Vo, and VGSL = 0, then oV
&
Kpl2(V; = Viwp)Vo — Vol = Ku[-Vwl l Ipp
Substituting numbers, we find +
5 . Vr O—l_l_ Mp  Vpsp Driver
(50)2(5 — 1)Vo — Vo] = (10)[—(=2)] ’ -
Rearranging the terms produces P 1

2 —
5Vo—40V +4=0 Circuit with depletion load device and NMOS driver

Using the quadratic formula, we obtain two possible solutions:
Vo=790V or V,=010V

Since the output voltage cannot be greater than the supply voltage Vpp =5 V, the valid
solution is Vo = 0.10V.
The current is

Ip = Ky (—Veyr)* = (10)[—(=2)F = 40pA
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CMOS Inverter

Example 5.12 Objective: Determine the voltage transfer characteristic of the

CMOS inverter using a PSpice analysis.
For the circuit shown in Figure 5.41, assume transistor parameters of Vpy =1V,
Vip=—1V, and K, = K,,. Also assume Vpp =5V and Vg =3.25V.

Solution: The voltage transfer characteristics are shown in Figure 5.42. In this case,
there is a region, as was the case for an NMOS inverter with depletion load, in which
both transistors are biased in the saturation region, and the input voltage is a constant
over this transition regibn for the assumption that the channel length modulation
parameter A IS Zero.

Vo (V)
Voo 50
8]
Vo o | M
— VG
pam—| Y
0 |
= 0 3
ViV ‘
Example of CMOS inverter Voltage transfer characteristics of CMOS inverter in Figure 5.41
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NMOS Inverter
O If v, <V, the transistor is in cut-off.

i =0
Vo :VDD

O If v, >V (and make V, —V;y > Vp9), the transistor is biased in the non-saturation region.

iD = Kn[Z(V| _VTN )Vo _Vc2>] Yop

(o]

Vo =VDD_|DRD iDié‘ED

— v,

+

v 0—| VYD
I T B
Vo

NMOS inverter
circuit
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Design Example 5.14 Objective: Design the size of a power MOSFET to
meet the specification of a particular switch application.

The load in the inverter circuit in Figure 5.44 is a coil of an clectromagnet that
requires a current of 0.5 A when turned on. The effective load resistance varies between
& and 10 €2, depending on temperature and other variables. A 10V power supply is
available. The transistor parameters are k., = 80 pA/V? and Vyy = 1 V.

Solution: One solution is to bias the transistor in the saturation region so that the
current 18 constant, independent of the load resistance.

The minimum Vpg value 1s 5V. We need Vg > Vpg(sat) = Vg — Vry. If we bias
the transistor at Vg5 = 5V, then the transistor will always be biased in the saturation
region. We can then write

k W 1i'{ELEJ

Ip = ER ‘Z‘(VGS_ Vi) T

i
or Dléﬁp

0.5 = SO_XIP____ ( ) (5—1)° 1
2
+
which yields W /L = 781. vy © [: VD5
The maximum power dissipated in the transistor is * -

P(max) = Vpg(max) - Ip =(6)-(0.5) =3W -

LR TR S Electronics |, Neamen 3th Ed.
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Digital Logic Gate

Example 5.15 Objective: Determine the currents and voltages in a digital logic

gate, for various input conditions.
Consider the circuit shown in Figure 5.46 with circuit and transistor parameters

Rp =20k, K, =0.1mA/V?, and Vyy = 0.8V.

Solution: For V| =V, =0, both M, and M, are cut off and Vy = Vpp =5V. For
Vi =5V and V, =0, the transistor M, is biased in the nonsaturation region, and we

can write
NMOS NOR logic circuit response
5—V

Ip=Ipi === = K20V = Vrw)Vo = V] Vi (V) V2 (V) Vo (V)

. , 0 0 High
Solving for the output voltage V', we obtain Vy =0.29V. 5 0 T.ow

The currents are f) 5 Low

5 5 Low
5-0.29

In=1p =——2=0.2 A

R Dl 20 0.236m

For V, =0and V, =5V, we have V, =0.29V and Iy = I, = 0.236 mA. When
both inputs go high to V|, =V, =5V, we have Iy = I, + I, or Vpp=3V

5—-V

C= K200 = VinVo = Vol + K200 = Vin)Vo — V3]
RD !R l RD

which can be solved for V, to yield Vo = 0.147 V.

The currents are ) ° Vo

Ipy lsz
5-0.147 i
Ip =———=0.243mA
20 v, o—l El v, o—| M,
and
) .
Ipi :1[,2:7R:0.121mA _l_
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MOS Small-Signal Amplifier

O We can establish a particular Q-point on the load line by designing the ratio of the bias
resistors R, and

Vop
in A
b le_c‘f (Sﬂt)
Rp
ng
—0v,
CC' +
[{ I ¥
T Dy F iy
+ | -~ — bg - | /‘\ VE:S
v T R Yo _ Ipg |- ! t Vi,
O : T~ =
Ipg - | | | Vs
L
| -
= Vor  Voso Vs Voo vps
(@) (b)

{a) An NMOS common-source circuit with a time-varying signal coupled to the
gate and {b) transistor characteristics, load line, and superimposed sinusoidal signals
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Constant-Current Biasing

EXAMPLE 3.17

Objective: Analyze the circuit shown in Figure 3.53(a). Determine the bias current
Io1, the gate-to-source voltages of the transistors, and the drain-to-source voltage
of M B

Assume circuit parameters of Irgr1 = 200 (A, Vt=25V,andV™ =-25V.
Assume transistor parameters of Vry = 0.4 V (all transistors), A = 0 (all transis-
tors), K, = 0.25 mA/V2, and K,» = K,3 = 0.15 mA/V2,

Solution: The drain current in M3 is Ip3 = Irgr = 200 1A and is given by the re-

latiop Ips = K,3(Vgsa — Vra)? (the transistor is biased in the saturation region).
Solving for the gate-to-source voltage, we find

| In 0.2
Vg = +Viy = — +04
$3 Kys N 015+
or

Vos3 = 1.555V

We note that V553 = Vggo = 1.555 V. We can write

Ip> = Ig1 = Kia(Vgsa — Vrn)? = 0.15(1.555 — 0.4)>

or

Ig) =200 pA

LR TR S Electronics |, Neamen 3th Ed.

u—oi

+
T \ My Vpg
#* ol
Vst
o
+
- + —>
Vess  Ves2 ’
.
(a)
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The gate-to-source voltage Vi (assuming M is biased in the saturation region) can
be written as

Ip 10.2
Vs = Vv =,/ — +04
GS1 K. + VTN 035 +

Ves1 = 1.29 V

or

The drain-to-source voltage is found from
Vosi = VT —Ig1Rp — (—Vigs1)
=2.5—-(0.2)(8) — (—1.29)
or
Vpsi = 2.19V

We may note that M, is indeed biased in the saturation region.

Comment: Since the current mirror transistors M, and M3 are matched (identical
parameters) and since the gate-to-source voltages are the same in the two transistors,
the bias current, /o, is equal to (i.e., mirrors) the reference current, Ixgp.

RN S TR A Electronics |, Neamen 3th Ed.
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EXAMPLE 3.18

Objective: Design the circuit shown in Figure 3.53(b) to provide a bias current of
[Q2 = 150 ,LLA.

Assume circuit parameters of Iggpy = 250 uA, Vt =3V,and V™ = -3 V.A
sume transistor parameters of V7 p = —0.6 V (all transistors), A = 0 (all transistors
k, =40 pwA/V? (all transistors), W/L¢ = 15, and W/L4 = 25.

Solution: Since the bias current I, and reference current Irgp; are not equal, t
W /L ratios of the current mirror transistors, M and Mg, will not be the same.
For M, since the transistor is biased in the saturation region, we have

k! W
Ipc = Ijgpy = £ - (-) (Vsce + Vrp)?
c

2 L
or
40 ’ 5

250 = 7(15)[VSGC + (—0.6)]* = 300(Vsge — 0.6)

Then
250
V =,/ —+0.6
SGC 300 +

or

Vsge = 1.513V

Since Vsge = Vsgp = 1.513 V, we obtain

k! w
Ig=1Igp=-"L-(—) (Vsgg+ Vrp)?

or

_0 (v _0.6)
150 = (L)B[1.513+( 0.6)]

& I
| Vsee Vscs P
Me | = — | My
i
+
+
Vspa
Rp =8 kO
o
(b)
50



We find

(z),~

For M4, we have

kp (W 2
Ipa=1Igp=—-{— ) (Vsga+ Vrp)
2 '\17)/,
or
40 ’ )
150 = 7(25)(VSGA + (—0.6))° =500(Vsga — 0.6)
Now
150
V. =,/ — +0.6
SGA =/ 500 +
or
Vsga = 1.148V

The source-to-drain voltage of M, is found from

Vspa = Vsga — lo2Rp — V7™ =1.148 — (0.15)(8) — (—3)
or

Vspa =295V
We may note that the transistor M, is biased in the saturation region.

Comment: By designing the W/L ratios of the current mirror transistors, we can
obtain different reference current and bias current values.

RN S TR A Electronics |, Neamen 3th Ed.



Constant-Current Biasing

KnS(\/GSB _VTN3)2 — Kn4(VGs4 _VTN4)2

- Vi=5V
VGS4 +VGS3 =-V
V. = -V =V, +VTN3\/ Kn3/ K = Rp
GS3 —
1+ ./ Kn3/ K4 I I +
2 Mol I y 1| M Vst
IQ = K2(Vess —Vinz) Vi R Vi B
IREFi B 6 Tos l,f
&
= +
ﬂ{l I ¥ ¥ I E’fz Vps2
Vs Vs
V =3V

Implementation of a MOSFET constant-current source
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Example 5.13 oObjective: Determine the currents and voltages in a MOSFET
constant-current source.

For the circuit shown in Figure 5.43, the transistor parameters are: K, =
0.2mA/V?, Ky = K3 = Ky = 0.1mA/V2, and Vyyy = Viys = Vs = Viwa = 1 V.

Solution: From Equation (5.26), we can determine Vg3, as follows:

0.1
Vo1
1+

Vesy =

—1]+1
=25V
\F
0.1
Since M3 and M, are identical transistors, Vg3 should be one-half of the bias voltage.
The bias current /I is then

vt=5v
Ip =(0.1)- (2.5 -1 =0.225mA
The gate-to-source voltage on M| is found from = Rp
Ip = Ky (Vesy — Vin)? *
0] a1( GS1 TN1 M, - - M, Vpst
of Ingr l ~ Vau Rg; Vosi l I
0.225=(0.2) - (Vg — 1)?

= +
which yields bgl I " T E E’fz Vbsz

VGSI =206V VG.S'S VGS2

The drain-to-source voltage on M, is l
Vpsy =(=V7)=Ves1 =5-2.06=294V =

Since VDSZ =294V > VDs(Sat) = VGS2 — VTN2 =25-1=1.5 V, M2 is biased in the
saturation region.
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Multitransistor Circuit: Cascade Configuration

Design Example 6.14 Objective: Design the biasing of a multistage MOSFET
circuit to meet specific requirements.

Consider the circuit shown in Figure 6.49 with transistor parameters K, =
S00pA/ V2, K,y = 200pA/V2, Veyi = Veva = 1.2V, and A; = &, = 0. Design the cir-
cuit such that Ipg) = 0.2mA, Ipg; = 0.5mA, Vpso1 = Vpsgr = 6V, and R; = 100 k<.

Let Rsl:4kQ V+:5V

Solution: For output transistor M;, we have
Vpsgr =35 —(=5) — Ippr Ry

or RDL

RE' [ Rl
v Ry; Cc :
which yields Rg, = 8k2. Also, { { r I M, My R,
5 | _ | €2 jt—
Ipgy = Kn(Vsa — Vwo) >

Vi g
or Rz
g Ry =4 CS g R,S'z RL =

0.5=02(Vgsy — 1.2 4

which yields -

Vgsz = 278V V_ = —SV

Since Vpggr = 6V, the source voltage of M; is Vg, = —1V. With Vg =278V,
the gate voltage on M, must be

Vep=—-142.78=1.78V
The resistor Ry, is then

178 16.1 k2

Dl =

For Vpgp1 = 6V, the source voltage of M, is
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The resistor Rg; is then

 —422—(=5)

_ =3.9kQ
Rs, 0.2

For transistor M, we have

2

Ipgy = Kn(Vgs1 — V) o
or

0.2 =0.50(Veq — 1.2)°

(Vesi ) ) ] éRDl

which yields £ :

Vos: = 1.83V Bq o | |

gs1 = 1. |4 E

| Aa. || _‘Tzcczl,.‘i

To find R| and R, we can write v - | Vo

% B Naoy—1,,R g% ga -C»§R Ry =

Gs1 = m( }— Ipgi Rs L 51 =1 Cs ) e
Since L

_ o
R, __I_(RIRZ)_LR V- =-S5V

Ri+R, Ry \R/+R,)] R, "

then

1.83 = - (100)(10) — (0.2)(3.9)
R,

which yields R, = 383 k2. From R; = 100k, we find that R, = 135kQ.
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Multitransistor Circuit: Cascode Configuration
DESIGN EXAMPLE 3.21 R

Objective: Design the biasing of the cascode circuit to meet specific requirements.

For the circuit shown in Figure 3.57, the transistor parameters are: Vryr =
Vina =12V, K,y = Ky =08 mA/V2, and 4y =42 =0. Let Ry + Ry + Rs =
300 kQ and Rg = 10 k. Design the circuit such that Ipg =0.4 mA and
Vpsor = Vpsga =25V,

Solution: The dc voltage at the source of M, is
Vg1 = IpgRs —5=(04)(10) = 5=—-1V

Since M, and M, are identical transistors, and since the same current exists in the
two transistors, the gate-to-source voltage is the same for both devices. We have

Ip = K,(Vos — Vrn)’
or

0.4 = 0.8(Vgs — 1.2)%
which yields

Vas = 1.907V
Then,

V, —( Rs )(5)—v +V
Gl — R!+R2—|—R3 = ¥YGSs Sl

or

(53—) (5) = 1.907 — 1 =0.907
300
which yields

R; =544k

The voltage at the source of M3 is

Vso = Vpso1 + Vs1 =25 -1=15V
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Then,

R, + R
ch‘—‘( AR )(S)IVGS—I-Vsz

R+ Ry + R;3

or

(ﬁ?ﬁ?yazlmn+Lszamnv
which yields

Ry + Ry = 204.4 kQ2
and

R, = 150 k€2
Therefore

R, =95.6 k2

The voltage at the drain of M; is
Vp2 = Vpsgr + Vs2 = 254+15=4V

The drain resistor is therefore

Ry=>—'22 374 _,5kg

P e 04 T
Comment: Since Vps =2.5V > Vg — Vey = 1.91 — 1.2 = 0.71 V, each transis-
tor is biased in the saturation region.
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PN Junction Field-Effect Transistor

O Cross Section Structure

O

_________ i
il ]fl L]
Ve =0
‘Ijl |"r.||r'=r:I
/
!
¥
:.r"
"o
(=
¢ o2 X %f;i 1 % 36X ¢

Source

T Gate

l Gate

|||——|

Figure 5.48 Cross section of a symmetrical n-channel pn junction field-effect transistor

< +¥ny

IV curves for small drain-to-source voltages

Yoz =¥

L |||
e T e " | F'Pﬂ-:u
___________ =

- 5] _
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L3

Tar==¥1

e Vg =0

b
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PN JFET
O The drain voltage changes for a given gate voltage.

TTTTTTT o ’ T ' - et QR S— (T
! 3 - i L,
-r" --—:::- (+¥pr) r‘ S L L l__' I' - ]I :
e T T T T T T L] _ — 1 — - .n
L = [ r,— n If—\
:rT“n i L e
Ve =0 Vi = ] V=0
DA i b in A
= ] e
f -~ ‘1"-\.. l;.-' :_.__ Eﬂt‘mﬁ.ﬂ]] —==
;' Uhanging channel | peghon
‘resispnce / I
(a) (B) (<)
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Saturation Region in PN JFET

O If we assume that AL << L, then the electronic field in the n-channel region remains
unchanged from the VDS(Sat) case; the drain current will remain constant as VDSchanges.

O The electrons move through the n-channel from the source and are injected into the space
charge region where, subjected to the E-field force, they are swept through into the drain
contact area.

Vs =0

n
—4 channel e

e D
Ip
S| I—*AL -
Ve =10 Vs
e T ——
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N-Channel Depletion-mode MESFET

O A reverse-bias gate-to-source voltage induces a space-charge region under the metal gate,
which modulates the channel conductance.

O If a negative applied gate voltage is sufficiently large, the space-charge region will
eventually reach the substrate, the pinchoff will occur.

O Itis equivalent to an n-channel depletion-mode device, since a gate voltage must be
applied to pinch off the channel.

Ohmic Rectifying Ohmic
contact contact contact

Source Gate / Drain /
| N |

Substrate
(Semi-insulating < =:0)

Cross section of an n-channel MESFET with a semi-insulating substrate
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N-Channel Enhancement-mode MESFET

The channel is pinched off even at Vg =0.

To open the channel, the depletion region must be reduced; that is, a forward-biased
voltage is applied to the gate-semiconductor (G-S) junction.

The threshold voltage is the gate-to-source voltage required to create the pinch-off
condition.

Ve = Vi Yoz > Vow

i <hannel __WM___ 220004

727/

Semi-insulating substrate

(@) (b) (c)

Figure 5.52 Channel space-charge region of an enhancement-mode MESFET for:
{a) vgs = 0, (b) vgs = Vry, and (€) vgs > Viy
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Current-Voltage Characteristics
O N-channel JFET

v' The pinchoff voltage foor the n-channel JFET is negative and the gate-to-source
voltage is usually negative; therefore, the ratio V¢ /VP IS positive.

D in A i
T — 2 { _ . DA
I = lpes (1= Vs /Vp) I. / Vbs(sat) = Ves Vp
i D I  Ipsy
j=——— Sanwation region ———=
+ Vs =0
Vs
G o—— - -1
VGS_J: -2
B -3
< # - | | | | -
véssvp Vos -4 f 3 2 -1 0 oy
O P-channel JFET Vp

v' The pinchoff voltage Vifor the n-channel JFET is positive and the gate-to-source
voltage is usually positive; therefore, the ratio V.. /V, is positive.

s ip & , V ipA
! = —
- / VSD(Sat) P VGS Inss +
+ Yoy fj-'— Saruration region ——=
by ————= L Vgy =0
(G ] +
'1,!‘ ]
SD +1
I 2 i +2
Iy = 1-v../V l D | | L
D D$( GS P) 7 +3 . 0 1 ) 3 f 4 Vc;’s
D Yoz Vp P Vp
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Example 5.16 Objective: Calculate iy and vpg(sat) in an n-channel pn JFET.
Assume the saturation current is /pg¢ = 2mA and the pinchoff voltage 1s Vp =

-3.5V. Calculate i, and vpg(sat) for vgg =0, Vp/4, and Vp/2.

Solution: From Equation (5.30), we have

2 2
o =loss(1-32) = o(1-25%)

Therefore, for vgg =0, Vp/4, and V /2, we obtain
ip =2,1.13, and 0.5mA

From Equation (5.31), we have
vps(sat) = vgs — Vp = vgs — (=3.5)

Therefore, for vgg =0, Vp/4, and Vp/2, we obtain
vps(sat) = 3.5,2.63, and 1.75V

LR TR S Electronics |, Neamen 3th Ed.
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JFET Properties
O Output Resistance for PN JFET

iD — IDSS(l_VGS /VP)2(1+ )]‘VDS)
N

ol

NVps

= Mo (= Ves V)2 ~ [l 5o I

o

O Saturation Region for Ideal Enhancement-mode MESFET
. 2
lp = Kn(VGS _VTN)

For an n-channel enhancement-mode MESFET, the threshold voltage is positive.

O Nonsaturation Region for Ideal Enhancement-mode MESFET

iD — Kn[Z(VGS _VTN )VDS - V[2>s]

LR TR S Electronics |, Neamen 3th Ed.
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Design Example 5.17 Obijective:
n-channel depletion-mode JFET.

For the circuit in Figure 5.56(a), the transistor parameters are: Ipgs = SmA,
Vp=—4V, and A = 0. Design the circuit such that /, =2mA and Vps =6V.
Solution: Assume the transistor is biased in the saturation region. The dc drain cur-
rent is then given by

Vo2
Ip = [DSS(I - ‘E)

Design the dc bias of a JFET circuit with an

or
VGS>2
= 5(1 ——
(—4)
Therefore,
VGS - —147V

From Figure 5.56(b) we see that the current through the source resistor can be
written as

_ —Vegs
Ih=—¢¢
Therefore,
~Ves —(—1.47
Ry =—Yas - ZCL4D_ 53510
Tn 2

The drain-to-source voltage is
Vps =Vop —IpRp — IpRs
Therefore,

_ Vop—Vps—IpRs 10— 6 — (2)(0.735)

A 2 =1.27kQ

Rp

We also see that

VDS =6V > VGS — Vp =—-147 - ('—4) =2.53V
amen 3th Ed.
which shows that the JFET is indeed biased in the saturation region, as initially
assumed.

+ 10V

ID=2mAl §R3=w=1mkﬂ

+—oVp=Vp + V. =747V
_|_
Vps=6 v

Ip=2mA liRS— 20735102

(b)
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+5V
Design a JFET circuit with a voltage divider T

Design Example 5.18 Objective:
biasing circuit.

Consider the circuit shown in Figure 5.57(a) with transistor parameters /pgs =
12mA, Vp=-3.5V, and A =0. Let R; + R, = 100k§2. Design the circuit such that
the d¢ drain current is 7, = SmA and the dc drain-to-source voltage is Vg =5V.
Solution: Assume the transistor is biased in the saturation region. The dc drain cur-

rent is then given by

ip= 2.5

ng +oVp=Vg+ Vpy
=25V

Ves\’ *
ID=IDSS(1—7P) Vo=Vt Vs _(L rvm,:SV
=—25-124 " - | -
Therefore, =—374V Vew
v 2 +—oVe= ON05) -5
5=12(1-— Therefore R, =25V
(-3.5) ’ In=
o 3 Sml Ry = 0.5 k2
which yields Ry = 12.6kQ 2
Vos = —1.24V and l
From Figure 5.57(b), the voltage at the source terminal is Ry =87.4ka -5V
Ve =1IpRs — 5= (5)(0.5) = 5 = —2.5V The drain-to-source voltage is
which means that the gate voltage is Vs =3 = IpRp = IpRs = (=5)
Vo=Ves+ Vg =—124—25=-374V Therefore,
_ 10 - Vps — IpR 10 — 5 - (5)(0.5
We can also write the gate voltage as Rp = DIS =S = 5( )03) _ 0.5k
n
R, We also see that
Vo = ( Rt )(10)
1t Vps =5V > Ves— Vp=—-124—-(-3.5) =226V
or
which shows that the JFET is indeed biased in the saturation region, as initially
_3.74 — 1_0_(_)_(10) _5. assumed.
Comment: The dc analysis of the JFET circuit is essentially the same as that of the
MOSFET circuit, since the gate current is assumed to be zero.
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Example 5.19 Objective: Calculate the quiescent current and voltage values in a
p-channel JFET circuit.

The parameters of the transistor in the circuit shown in Figure 5.58 are: Ipgs =
2.5mA, Vp = +2.5V,and A = 0. The transistor is biased with a constant- current source.

Solution: From Figure 5.58, we can write the dc drain current as

ID:1Q=O.8mA=L(_9—) +OV
Rp
which yields
Vp=(0.8)4)—9=-58V IQ =03 mA (*)
Now, assume the transistor is biased in the saturation region. We then have
+——oV;
) _
Ip = IDss(l _@) + Vo
Vp . N
or + Vip
1V — -
Ves\? _
0.8:2.5(1 ———) I —=Vp
2.5 1
which yields fpi §RD =4 k0
VGS = 1.086V
o
Then -9V
ol JFET circuit biased with a

constant-current source
Vep = Vs — Vp = —0.086 — (—5.8) = 5.71V

Again, we see that
Vsp =571V > Vp— Vs =25-1.086 =141V

which verifies that the transistor is biased in the saturation region, as assumed.
LRI - I S Electronics I, Neamen 3th Ed.



Design Example 5.20 Objective: Design a circuit with an enhancement-mode

MESFET.

Consider the circuit shown in Figure 5.59(a). The transistor parameters are:
Vey =024V, K, = 1.1 mA/V?, and A =0. Let R, + R, = 50kQ. Design the circuit

such that V; =0.50V and Vps =2.5V.

Solution: From Equation (5.36(a)) the drain current is
Ip=K,(Vgs — Vrn)* = (1.1)(0.5 — 0.24)* = 74.4 pA

From Figure 5.59(b), the voltage at the drain is
Vp=Vpp—IpRp =4 —(0.0744)(6.7) = 3.5V

Therefore, the voltage at the source is
Ve=Vp—Vps=35-25=1V

The source resistance is then

Vs 1
— -5 ___ 134
Rs Ip, ~ 0.0744 ka2
The voltage at the gate is

VG: Vcs+VS=OS+1:15V

Since the gate current is zero, the gate voltage is also given by a voltage divider equa-

tion, as follows:

Ry
Veg=|———"7(V
o= (g ) Vo0)

_ (R
1.5 = (%>(4)

which yields
R, = 1875k

or

and
R, =31.25kQ

Again, we see that

VDS = 25V > VGS — VTN = 05 - 0.24 = 0.26V

which confirms that the transistor is biased in the saturation region, as initially assumed.

Ip= gfep =67 k)
é 74.4 pA
Rl

V=4 (0.0744)(6.7)

=35V
0 +
—
Vg =Vs+ Vg - Vg =25V
=15V S
VGS:D.SV
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