TRANSISTORS

Transistor — a three-terminal device for which the voltage or current at one
terminal controls the electrical behavior of the other terminals.

Bipolar Junction Transistor (BJT) — a three-terminal device for which the current at
one terminal controls the electrical behavior of the other terminals.
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Current-Controlled (Dependent) Current Source
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Field Effect Transistor (FET) — a three-terminal device for which a voltage related
to one terminal controls the electrical behavior of the other terminals.
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Voltage-Controlled (Dependent) Current Source
L=gvVi3
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TRANSISTOR IV CHARACTERISTICS

IV Characteristic — the current-voltage behavior of a transistor is often represented
as a set of curves, each of which corresponds to a different control current or
voltage. The desired operation is limited to specific ranges of current and
voltage, e.g. active regions. The nonlinear device must be biased to the
desired operating point by an external circuit.
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L=gvVi3
Typical Applications

e Signal Amplification — a small signal is replicated and amplified
e Switching — a low-power input controls a high power output
e Logic Operations — a digital logic function is implemented

Transistors may be implemented in semiconductors as discrete devices or as
integrated circuits.

—
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BIPOLAR JUNCTION TRANSISTOR

Bipolar Junction Transistor (BJT) — device formed by a p-type material between
two n-type materials or an n-type material between two p-type materials.

Terminal Nomenclature

Base (B), Collector (C), and Emitter (E)

npn BJT: Structure
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pnp BJT: Structure
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Circuit Symbol
C l ic
+

B

—_
I8

VCE

Circuit Symbol
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Equilibrium Energy Band Diagram for npn Structure

n-type Region
Collector
Junction

p-type Region

n-type Region
Emutter
Junction
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BJT OPERATING CONDITIONS

BJT Operating Conditions
e Base-Emitter Junction — Forward Bias
e C(Collector-Base Junction — Reverse Bias

Energy Band Diagram for Biased npn Structure

n-type Region p-type Region n-type Region
Collector Base Emitter
Junction Jen
/ —
________ ~_

Base-Emitter Junction under Forward Bias

Junction width narrows

Diffusion current dominates

Holes injected into the emitter region

Electrons injected (emitted) into the base region

Base-Collector Junction under Reverse Bias

Junction width broadens

Drift current dominates

Holes extracted from collector region near the junction

Electrons extracted (collected) from base region near the junction

Desired Operation
Electrons injected from the emitter into the base diffuse across the
undepleted base region and are captured by the high electric field in
the base-collector junction. Electrons lost to recombination in the
base region do not contribute to the collector current.
The design depends on the width of the base region, a diffusion
coefficient for electrons, and the average recombination lifetime for
electrons.
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BJT CURRENTS

BJT Currents — a summary of important currents in an npn transistor is shown
below. (Some secondary effects are omitted.)

Emitter electron current i, and hole current igp

Collector current ic ~ icn

Base current ig ~ igp

Reverse-bias thermally-generated emitter-base current (neglected

in further analysis)

C Jic

E Jis

The emitter injection efficiency y = ign/(ign + iEp)
The base transport factor o = icn/iEn
Then, the current transfer ratio
Olo = 1c/1E ~ (Icn/1E) = (1cn/1En) [1En/(1En + 1Ep)] = QP Y
Kirchhoff’s Current Law for the transistor gives
+ic+iB—1g=0 or +iB=+1g—1ic
Hence, the gain is
B =ic/iB =ic/(ie —ic) = (ic/ie)/[1 — (ic/ie)] = (oto)/[1 — (0to)]

To produce a large gain f3, the current transfer ratio o, (and the base
transport factor ar and the emitter injection efficiency y) must be near unity.

Design optimization
e Highly doped emitter (n+): ig ~ ien and y = ien/(iea + igp) 1S near unity
e Narrow base width and light base doping: little recombination in the
base region (i.e. o is near unity)

Note that the emitter and collector are typically doped differently.
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BJT OPERATING CONDITIONS

BJT Operating Conditions
e Base-Emitter Junction — Forward Bias
e C(Collector-Base Junction — Reverse Bias

Energy Band Diagram for Biased pnp Structure
p-type Region n-type Region p-type Region
Collector Base Emitter
Junction Jen

Base-Emitter Junction under Forward Bias

Junction width narrows

Diffusion current dominates

Electrons injected into the emitter region
Holes injected (emitted) into the base region

Base-Collector Junction under Reverse Bias

Junction width broadens

Drift current dominates

Electrons extracted from collector region near the junction
Holes extracted (collected) from base region near the junction

Desired Operation
Holes injected from the emitter into the base diffuse across the
undepleted base region and are captured by the high electric field in
the base-collector junction. Holes lost to recombination in the base
region do not contribute to the collector current.
The design depends on the width of the base region, a diffusion
coefficient for holes, and the average recombination lifetime for holes.
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BJT CURRENTS

BJT Currents — a summary of important currents in a pnp transistor is shown
below. (Some secondary effects are omitted.)

Emitter electron current i, and hole current igp

Collector current ic ~ icp

Base current 1B ~ ign

Reverse-bias thermally-generated emitter-base current (neglected

in further analysis)

The emitter injection efficiency y = igp/(ign + iEp)
The base transport factor oir = icp/iep
Then, the current transfer ratio
Olo = ic/ie ~ (icp/ie) = (icp/iep) [1Ep/(iEn + iEp)] = OF ¥
Kirchhoff’s Current Law for the transistor gives
+ic+iB—1g=0 or +iB=+1g—1ic
Hence, the gain is
B =ic/iB =ic/(ie —ic) = (ic/ig)/[1 — (ic/ie)] = (0to)/[1 — (0to)]

To produce a large gain f3, the current transfer ratio o, (and the base
transport factor ar and the emitter injection efficiency y) must be near unity.

Design optimization
e Highly doped emitter (p+): ie ~ igp and y = 1gp/(ien + iEp) 1S Near unity
e Narrow base width and light base doping: little recombination in the
base region (i.e. o is near unity)

Note that the emitter and collector are typically doped differently.
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SUMMARY OF BJT BEHAVIOR
The bipolar junction transistor current amplification with gain 3 = ic/is.

npn BJT

C J ic ic
+ 1
B CE I8
_|8’ -
VCE
[

E

npn BJT Operating Conditions
e Forward Bias of Base-Emitter Junction vgg > turn-on voltage
e Reverse Bias of Collector-Base Junction vsc <0 or veg >0

ic
i8
\EC
I
pnp BJT Operating Conditions

e Forward Bias of Base-Emitter Junction vgs > turn-on voltage
e Reverse Bias of Collector-Base Junction ves <0 or vee >0

pnp BJT

Regions in the Common-Emitter IV Characteristic
e Saturation — the base-collector junction is not reverse biased for low
values of vce (npn) or vec (pnp) and ic is not proportional to ig.
e Active — the normal operating region in which ic = Bis.
e Breakdown (not shown) — the active region limit for large values of
vce (npn) or vec (pnp) when breakdown occurs in the collector-base
junction

Other secondary effects may be considered for more accurate representations, but
these effects are beyond the scope of this class.
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COMMON-BASE BJT CIRCUIT AND ANALYSIS

Common-Base Biasing Circuit with a pnp BJT
e Forward Bias of Base-Emitter Junction vgs > turn-on voltage
e Reverse Bias of Collector-Base Junction vcg <0 or vee >0

IE_’ E C IC_’ +
+WM€ )
Re - l B+ Re Vo

Analysis for Operating Point (vsc,ic) with vs = 0.

Kirchhoff’s-Voltage-Law on Emitter Side (vec = Vio):
-Vee+iERe + Vio =0 or ig = (1/Re)(VEE - Vio)
and
Ic = OLolE = ((10/ Re)(VEE - Vto)

Kirchhoff’s-Voltage-Law on Collector Side (the Load-Line Equation):
-Vec+icRe+vee =0 or vsc= Vcc - icRe

With no signal vs =0
Vo=1cRc = (OCORC/ Re)(VEE - Vto)
With a signal vs
Vo =1cRe = (0lR/Re)(VEE - Vio) + (aoR/Re)(Vs)

Graphical Analysis ic *

Load-Line T
-Vec+icRe+vee =0

Intercepts

vec = Vce VBC
1c = Veo/Re
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COMMON-EMITTER BJT AMPLIFIER AND ANALYSIS

Common-Emitter Biasing Circuit with an npn BJT
e Forward Bias of Base-Emitter Junction vgg > turn-on voltage
e Reverse Bias of Collector-Base Junction vsc <0 or veg >0

i
Rb Re Vo
s +
VBB + Vs E l'E

Analysis for Operating Point (vcg,ic) with vs = 0.

Kirchhoff’s-Voltage-Law on Base Side (Ve = Vio):
-Vees+iBRp+ Vio =0 or i =(1/Rp)(VBB - Vi)
and

ic = Bis = (B/Rb)(VeB - Vio)

Kirchhoff’s-Voltage-Law on Collector Side (the Load-Line Equation):
-Vec+icRe+vee =0 or vee= Vcce - icRe

With no signal vs =0
Vo = icRc¢ = (BRe/Rp)(VBB - Vio)
With a signal vs
Vo =1cRe¢ = (BR/Rb)(VBB - Vio) + (BR/Rb)(Vs)

Graphical Analysis Ic

Load-Line c T

-VecticRe+ vee =0

I8
Intercepts
vce = Vcc
1c = Veco/Re VCE
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COMMON-EMITTER BJT AMPLIFIER AND ANALYSIS

Common-Emitter Biasing Circuit with a pnp BJT
e Forward Bias of Base-Emitter Junction vgs > turn-on voltage
e Reverse Bias of Collector-Base Junction vcg <0 or vee >0

+
e

Rb Re Vo
VBB + Vs E T|E

Analysis for Operating Point (Vec,ic) with vs = 0.

Kirchhoff’s-Voltage-Law on Base Side (ves = Vio):
-Vees+iBRp+ Vio =0 or i =(1/Rp)(VBB - Vi)
and

ic = Bis = (B/Rb)(VeB - Vio)

Kirchhoff’s-Voltage-Law on Collector Side (the Load-Line Equation):
-Vec+icRe+vec =0 or vec= Vcc - icRe

With no signal vs =0
Vo = icRc¢ = (BRe/Rp)(VBB - Vio)
With a signal vs
Vo =1cRe¢ = (BR/Rb)(VBB - Vio) + (BR/Rb)(Vs)

Graphical Analysis Ic

Load-Line c T

-Veec+icRe+vee =0

I8
Intercepts
vec = Vcc
1c = Veco/Re VEC
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DARLINGTON AMPLIFIER AND ANALYSIS

Common-Emitter Biasing Circuit with dual-npn BJT’s
e Forward Bias of Base-Emitter Junctions vgg > turn-on voltage
e Reverse Bias of Collector-Base Junctions vec <0 or vcg > 0

VEB + Vs

Kirchhoff’s-Voltage-Law on Base Side (vBei1 = VBE2 = Vio):

- (VBB + vs)+i181 Rp+ 2V =0 or ig1 = (1/Rp)[(VBB + Vs) - 2Vi]
and

ic1 = P11 = (B1/Rv)[ (VBB + Vs) - 2Vio]

Also, noting that Bi/oer = 1 + i
ic2 = Paig2 = Peie1 = PBrici/oo1 = P2P1is1/clor = B2(1 + P1)iBi
ic2 = B2(1 + B1)(1/Rp)[ (VBB + Vs) - 2Vio]

Then,
ic1 +ic2 = [B1 + B2(1 + B1)]{(1/Rp) [(VBB *+ Vs) -2Vio]}
ic1 +ic2 = [B1 + B2+ B1P2]{(1/Rv) [(VBB *+ Vs) - 2Vio]}

The output voltage is
Vo= (ic1 +1c2)Re = [B1 + B2 + B1B2]{(Re/Rb) [(VBB + vs) - 2Vio]}

Note that the overall gain of the dual-transistor configuration is
Boual = (ic1 + 1c2)/iB1 = (P1 + B2 + PB1P2)

If the transistors are identical with a large gain (B1 = B2 = >>1),
Boual = (ic1 + ic2)/is1 = B2+ B) ~ B2

The overall gain can be increased further with additional transistors.
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COMMON-EMITTER BJT AMPLIFIER VARIATION

Common-Emitter Biasing Circuit with a pnp BJT
e Forward Bias of Base-Emitter Junction vgs > turn-on voltage
e Reverse Bias of Collector-Base Junction vcg <0 or vee >0
+

Re Vo

VBB + Vs

Analysis for Operating Point (Vec,ic) with vs = 0.

Kirchhoff’s-Voltage-Law on Base Side (ves = Vio):
-Veg+iBRp+1ERe+ Vo =0
Since P/oo =1+ P and ic = aoie= Pis, then i = (1 + P)is
and
iB = (VBB - Vio)/[Re(1 + B) + Rp] or
1E = (VBB - Vio)/[Re + Ro/(1 + B)]
Also,
ic = Pis = (VBB - Vio)/[Re(1 + B)/(B) + Ru/(B)]

Kirchhoff’s-Voltage-Law on Collector Side (the Load-Line Equation):
-Vect+icRe+1ERe + vEc =0 or vec= Vcc - 1cRe - iERe

If B >>1, then ic ~ (VBB - Vo)/[Re + Ro/(B)]

If Re >> Ru/(PB), then ic ~ (VBB - Vio)/(Re)
With no signal vs =0
Vo=1cRc = (Rc/ Re)(VBB - Vto)
With a signal vs
Vo=1cRc = (Rc/ Re)(VBB - Vto) + (Rc/ Re)(VS)

Note that for vs = 0, this circuit serves as a constant current source, 1.€. the
current does not depend on the load resistance Re.

© Watkins 2013 MISSOURI S&T Page 13 of 39 B



COMMON-EMITTER CIRCUITS WITH COUPLING CAPACITORS

Coupling Capacitor in pnp BJTs Common-Emitter Circuits

Separating Signal vs and Biasing Source Vgg
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CONSTANT CURRENT SOURCE WITH BJT

Constant Current Source (Common-Emitter) Circuit with an npn BJT
e Forward Bias of Base-Emitter Junctions vgg > turn-on voltage
e Reverse Bias of Collector-Base Junctions vec <0 or vcg > 0

Consider the voltage source and the +
i R tely.

resistors R and Rz separately R Re Vo
The Thevenin equivalent with respect -
to the Base node and the reference C lic
node has B * +

VCE Vce
Ve = V1u = Vcc [R2/(R1 + R2)] 8

- lie -
Ry = Rt = Ri||R2 = [R1R2/(R1 + R2)] l

R2 Re
The equivalent circuit is
Re Vo
+

As before, the operating point (VcE,ic) 1S
ic = BiB = (VBB - Vio)/[Re(1 + B)/(B) + Ru/(B)] from KVL on base side
vce = Vce - icRe - iERe from KVL on collector side

If B >>1, then ic ~ (VBB - Vio)/[Re + Rv/(B)] (no dependence on R¢)

If Re >> Ru/(PB), then ic ~ (VBB - Vio)/(Re)
Vo=1cRc = (Rc/ Re)(VBB - Vto)

Only one voltage source is needed.
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EMITTER-FOLLOWER BJT CIRCUIT AND ANALYSIS

Emitter-Follower Biasing Circuit with an npn BJT
e Forward Bias of Base-Emitter Junction vgg > turn-on voltage
e Reverse Bias of Collector-Base Junction vsc <0 or veg >0

+
VCE
+ i +
+
VBB + Vs Vcce
Re Vo

Analysis for Operating Point (vcg,ic) with vs = 0.

Kirchhoff’s-Voltage-Law on Base Side (Ve = Vio):
-Veet+iBRp+iERe+ Vio =0
Since B/ao =1+ P and ic = aoie= Pis, then i = (1 + P)is
and
iB = (VBB - Vio)/[Re(1 + B) + Rp] or
1E = (VBB - Vio)/[Re + Ro/(1 + B)]
Also,
ic = Pis = (VBB - Vio)/[Re(1 + B)/(B) + Ro/(B)]

Kirchhoff’s-Voltage-Law on Collector Side (the Load-Line Equation):
-Vect+igRe + vece =0 or vee= Ve - 1ERe

If Re >> Ry/(1 + B), then ig ~ (VBB - Vio)/(Re)
With no signal vs =0
Vo =1eRe = (VBB - Vi)
With a signal vs
Vo =1eRe = (VBB - Vio) + (Vs)
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MULTIPLE-TRANSISTOR CIRCUITS

Differential Amplifier with npn BJTs
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TRANSISTORS
FIELD EFFECT TRANSISTOR

Transistor — a three-terminal device for which the voltage or current at one
terminal controls the electrical behavior of the other terminals.

Field Effect Transistor (FET) — a three-terminal device for which a voltage related
to one terminal controls the electrical behavior of the other terminals.

1

+

Via

Voltage-Controlled (Dependent) Current Source
=gVi3

Vi3
V23

V23
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TRANSISTORS
FIELD EFFECT TRANSISTOR

Junction Field Effect Transistor (JFET) — device formed by an n-type channel
between two p-type materials or a p-type channel between two n-type

materials.

Terminal Nomenclature
Gate (G), Drain (D), and Source (S)

Circuit Symbol

insﬂ D

Vps

n-Channel JFET: Structure

Circuit Symbol

isp H _1)

Vsp
G

T 8
VSG:‘ S

d Diagram for n-Channel Structure
n-type Channel Region
Source / Drain

Equilibrium Energy Ban
p-type Region
Gate

p-type Region
Gate

Junction

Junction
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JFET OPERATING CONDITIONS

JFET Operating Conditions for n-Channel
e Gate-Channel Junction — Reverse Bias

Energy Band Diagram for Biased n-Channel Structure
p-type Region n-type Channel Region
Gate Source / Drain
Junction Junction

p-type Region
Gate

Gate-Channel Junction under Reverse Bias
e Junction width broadens
e Drift current dominates (and is small)

Channel provides Drain-Source current path
e Current (mainly electrons) in the n-channel is dependent upon
dimensions of undepleted channel
e Electrons travel from Source to Drain in the channel

Desired Operation
Current (mainly electrons) travels through the channel. The depletion
region of the Gate-Channel junction constricts the channel as a
function of Gate-Channel reverse bias and limits the current increase.
As the depletion regions close the channel, further current increases
go to zero and the channel is in saturation.
The design depends on the dimensions of the channel, the doping
levels of the gate and channel, and breakdown characteristics of the
gate-channel junction.
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JFET PARAMETERS

JFET Current and Voltages — a summary of important current and voltages in an n-
channel field-effect transistor is shown below. (Some secondary effects are
omitted.)

e Drain-Source Voltage vps and Current ips

e (QGate-Source Voltage vgs

e Reverse-bias thermally-generated gate-channel current (neglected
in further analysis) — Gate-Channel current ~ 0

Note that the Gate regions are electrically connected.

Pinch-off Voltage Vpo: Gate-Channel Reverse-bias Voltage for which the
opposite depletion regions merge

Saturation Current Ipss: Drain-Source Current for saturation conditions
(maximum current for vgs = 0)

Note that the Gate-Channel Voltage varies as a function of position.
Design optimization

e Highly doped gate regions (p+): depletion regions extend primarily
into the channel
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JFET CHARACTERISTIC

Physical Operation of the n-channel JFET
vgs =0 and vps =0 vgs =0 and Vpo > vps > 0

D lins D lins

vgs = 0 and vps = Vpo vgs = 0 and vps > Vo

e Un-biased (vgs =0 and vps = 0): ips = 0
e Unsaturated Region with vgs = 0 and Vpo > vps > 0: ips increases, but
at a decreasing rate due to channel constriction and
ips = Ipss[2(VDs/Vpo) — (VDS/Vpo)?]
e Saturation Region with vgs = 0 and vps > Vp0 > 0: ips = Ipss (current
maintains the pinch-off condition with no further current increase)
¢ Influence of Gate-Channel bias (-Vpo < vgs < 0):
Unsaturated: ips = Ipss[2(1 + v6s/Vpo) (VDS/Vipo) — (VDs/Vio)?]
Saturation: ips = Inss(1 + vGs/Vpo)?
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JFET OPERATING CONDITIONS

JFET Operating Conditions for p-Channel
e Gate-Channel Junction — Reverse Bias

Energy Band Diagram for Biased p-Channel Structure
n-type Region p-type Channel Region
Gate Source / Drain
Junction Junction

n-type Region
Gate

Gate-Channel Junction under Reverse Bias
e Junction width broadens
e Drift current dominates (and is small)

Channel provides Drain-Source current path
e Current (mainly holes) in the p-channel is dependent upon
dimensions of undepleted channel
e Holes travel from Source to Drain in the channel

Desired Operation
Current (mainly holes) travels through the channel. The depletion
region of the Gate-Channel junction constricts the channel as a
function of Gate-Channel reverse bias and limits the current increase.
As the depletion regions close the channel, further current increases
go to zero and the channel is in saturation.
The design depends on the dimensions of the channel, the doping
levels of the gate and channel, and breakdown characteristics of the
gate-channel junction.
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JFET PARAMETERS

JFET Current and Voltages — a summary of important current and voltages in a p-
channel field-effect transistor is shown below. (Some secondary effects are
omitted.)

e Source-Drain Voltage vsp and Current isp
e Source-Gate Voltage vsc

e Reverse-bias thermally-generated gate-channel current (neglected
in further analysis) — Gate-Channel current ~ 0

|)IT isp

P

(; n ngyse

A h
p

- SI

Note that the Gate regions are electrically connected.

Pinch-off Voltage Vpo: Gate-Channel Reverse-bias Voltage for which the
opposite depletion regions merge

Saturation Current Isps: Source-Drain Current for saturation conditions
(maximum current for vsg = 0)

Note that the Gate-Channel Voltage varies as a function of position.
Design optimization

e Highly doped gate regions (n+): depletion regions extend primarily
into the channel
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JFET CHARACTERISTIC

Physical Operation of the p-channel JFET
vsg =0 and vsp =0 vsg =0 and Vpo > vsp > 0

Ti\n Ti\n

e Un-biased (vsc =0 and vsp = 0): isp =0
e Unsaturated Region with vsg = 0 and Vpo > vsp > 0: isp increases, but
at a decreasing rate due to channel constriction and
isp = Isps[2(Vsp/Vpo) — (VsD/Vpo)?]
e Saturation Region with vsg = 0 and vsp > Vpo > 0: isp = Isps (current
maintains the pinch-off condition with no further current increase)
¢ Influence of Gate-Channel bias (-Vpo < vsg < 0):
Unsaturated: isp = Isps[2(1 + vs6/Vpo) (Vsp/Vio) — (Vsp/Vipo)?]
Saturation: isp = Isps(1 + vsG/Vpo)?
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CONDITIONS FOR JFET SATURATION

JFET Saturation Conditions for n-Channel
e QGate-Drain Junction at Reverse-Bias pinch-off voltage Vo

n-Channel JFET

: ves = ()
iDSl D s T
+ VYGSs
Vps
G
+ -
Vgs - S YOS

|

Kirchhoff’s-Voltage-Law for n-channel JFET:
-vGs-VvpG T vbs =0 oOr VpG = Vps— VGs
General pinch-off condition including influence of Gate-Channel bias:
VDG = VDS — VGS > Vpo
e Unsaturated Region of Operation: Vo > vps — vgs > 0
ips = Ipss[2(1 + vas/Vipo) (VDs/Vpo) — (VDS/Vipo)?]
e Saturation Region of Operation: vps — vgs > Vpo > 0
ips = Ipss(1 + vGs/Vpo)? for -Vpo < vas < 0

The IV characteristic 1s continuous at the threshold of saturation.
Let vbs — vgs = Vpo Or Vbps = Vpo + VGs

ips = Ipss[2(1 + vas/Vipo) (VDs/Vipo) — (VDs/Vipo)?]

ips = Ipss{2(1 + vGs/Vipo) [(Vpo + Vas)/ Vo] — [(Vpo + vGs)/ Vo) P}
ips = Ipss[(2 + 2vas/Vipo) (1 + vas/ Vo) — (1 + vas/Vipo)?]

ips = Ipss[2 + 4vGs/Vipo + 2(vGs/Vpo)? — 1 — 2 vas/Vpo — (VGs/Vipo)?]
ips = Ipss[1 + 2vaGs/Vpo + (Vas/Vipo)?]

ips = Ipss(1 + vas/Vipo)?

General pinch-off condition for p-channel JFET
VGD = VSD — VSG > Vpo
e Unsaturated Region of Operation: Vo > vsp — vsg > 0
isp = Isps[2(1 + vs6/Vpo) (Vsn/Vpo) — (Vsn/Vipo)?]
e Saturation Region of Operation: vsp — vsG > Vpo > 0
isp = Isps(1 + vsG/Vpo)? for -Vpo < vsg <0
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SUMMARY OF JFET BEHAVIOR
The junction field effect transistor with pinch-off voltage Vo

n-Channel JFET

. vies =1()
iDSl D — — T
+ YGS
Vps
G
+ > -
Vs -| S -
|

n-Channel JFET Operating Conditions
e Reverse Bias of Gate-Channel Junction: vps > 0 and -Vpo < vgs <0
iDS = IDSS[2(1 + VGS/Vpo) (VDS/Vpo) - (VDS/Vpo)z] and iDS = IDSS(I + VGS/Vpo)z.

p-Channel JFET

2 vsG =10
iSD T D IsD
G VSD Vs
it
VsG +| S vsbh
|

p-Channel JFET Operating Conditions
e Reverse Bias of Gate-Channel Junction: vsp > 0 and -V, < vsg < 0
isp = Isps[2(1 + vs6/Vipo) (Vsp/Vpo) — (Vsp/Vpo)?] and isp = Isps(1 + vsc/Vpo)>.

Regions in the JFET IV Characteristic
e Unsaturated Region — the channel is below pinch-off and the current

ips varies strongly with vps or vsp.
e Saturation Region — the channel is above pinch-off and the current ips

varies strongly with vgs or vsg.
e Breakdown (not shown) — the limit for large values of vps (n-channel)
or vsp (p-channel) when breakdown occurs in the gate-channel

junction

Other secondary effects may be considered for more accurate representations, but
these effects are beyond the scope of this class.
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COMPARISON OF FET STRUCTURES

Junction Field Effect Transistor (JFET): n-Channel

ins ves = () T
VGS
Yos
|

108

Ioss

“Viw VGS

Vgs - S

Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET):
Depletion-Mode n-Channel

T

Yas

ves = ()

Yibs

D ins

+ /
Q| Vos Ipss
* \l‘/ Vos

*tVes | - Vs - |-

Base Separate Base Connected to Source
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COMPARISON OF FET STRUCTURES

Junction Field Effect Transistor (JFET): n-Channel

ins ves = () T
VGS
Yos
|

108

Ioss

“Viw VGS

Vgs - S

Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET):
Enhancement-Mode n-Channel

L)Ll ins + ios 1

n
G VDS
+ B
YOS n VGS SVon DS
- S |
iDsl D lDSl D ins
+

+ Vps
(j E_B f_' Vbs

+ Ves -| - ves - |- Vis
S S
Base Separate Base Connected to Source
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SUMMARY OF FET TYPES

Junction Field Effect Transistor (JFET): n-Channel and p-channel

n-Channel JFET Equations
iDS = IDSS[2(1 + VGS/Vpo)(VDS/Vpo) - (VDS/Vpo)z] & iDS = IDSS(I + VGS/Vpo)z.

The JFET turns on when 0 > vgs/sG > -Vpo.

ins
ll)\.\

r
‘\ po

VGs

ips} | D
+
Vps

G

Fag e

VGS - S

Isp T

G

<

D +| S
- = VsG +
VSD < Vsp
G
+ -
S lSD l D

Vs T

Metal-Oxide-Semiconductor Field Effect Transistors (MOSFET):
Depletion-Mode n-Channel and p-Channel (Base connected to Source)

Depletion-Mode n-Channel MOSFET Equations

iDS = IDSS[2(1 + VGS/Vpo)(VDS/Vpo) - (VDS/Vpo)z] & iDS = IDSS(I + VGS/Vpo)z.
The Depletion-Mode MOSFET turns on when vGs/sG > -V po.

D

iDSl
all

+
Vps

S

1S

lh\s

Vis

Isp T

4,

Vsg t

D + S
VsG
- - +
Vsp Vsp
ol
: isp | -
D

Enhancement-Mode n-Channel and p-Channel (Base connected to Source)
Enhancement-Mode n-Channel MOSFET Equations
ps = I<\/on2 {2[(VGS/ Von) - 1](VDS/ Von) - (VDS/ Von)z} &

ps = KVonz[(VGS/Von) - 1]2
The Enhancement-Mode MOSFET turns on when vgs/sg > Von > 0.

i D + S
l 1D0s SG
. - - +
G A
G_| Vps Tl Sp ﬁl vsp
+ .
Ves - |- v Vs¢ |+ Isp |-
S D
S
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COMMON-SOURCE JFET CIRCUIT AND ANALYSIS

Common-Source Biasing Circuit with an n-channel JFET
e Reverse Bias of Gate-Channel -V, <vgs <0 and vps> 0
e “On” for ips > 0 and “Off” for ips = 0

Analysis for Operating Point (vps, 1ps).

The Gate Voltage determines the Drain-Source Current (Vgg = vas).
FOI’ ‘Vpo < VGS < 0, then iDS = IDSS(l + VGS/Vpo)2.

Kirchhoff’s-Voltage-Law on Drain Side (the Load-Line Equation):

-Vop+ips Ra+vps =0 or vps= Vpp— ipsRq

For operation in the saturation region, the Output Voltage is
Vo = vbps = Vpp — ipsRa = Vb — [Ipss(1 + ves/Vpo)*]Rd

Graphical Analysis inst vis =0 T

Load-Line
-Vpp + ips R4 + vps =

Intercepts
vps = VDD
ips = Vpp/Ry |

YDS

© Watkins 2024 MISSOURI S&T Page 32 of 40 B



COMMON-SOURCE JFET CIRCUIT AND ANALYSIS

Common-Source Biasing Circuit with a p-channel JFET
e Reverse Bias of Gate-Channel -V, <vsg <0 and vsp> 0
e “On” for isp > 0 and “Off” for isp =0

Analysis for Operating Point (vsp, isp).

The Gate Voltage determines the Drain-Source Current (Vgg = vsc).
For -Vpo < Vs < 0, then isp = Isps(1 + vsc/Vpo)>.

Kirchhoff’s-Voltage-Law on Drain Side (the Load-Line Equation):

-Vop+ispRa+vsp =0 or vsp= Vpp—ispR4

For operation in the saturation region, the Output Voltage is
Vo = vsp = Vpp — ispRd = Vop — [Isps(1 + vs6/Vpo)*]Rd

Graphical Analysis _
iso vsc = 0
-~
Load-Line
-Vpp +isp Ra + vsp = 1
0 VSG
Intercepts
Vsp = VDD \&D
isp = Vpp/Rad
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SOURCE-FOLLOWER JFET CIRCUIT AND ANALYSIS

Source-Follower Biasing Circuit with an n-channel JFET
e Reverse Bias of Gate-Channel -V, <vgs <0 and vps> 0
e “On” for ips > 0 and “Off” for ips = 0

Analysis for Operating Point (vps, 1ps).

Kirchhoff’s-Voltage-Law on Gate-Source Side:
- Voo +ips Rs +vgs =0 or vgs = Vg —ipsRs
and for operation in the saturation region
-Vpo < vas = (VGG — ipsRs) < 0 and ips = Ipss(1 + vas/Vpo)?.

Kirchhoff’s-Voltage-Law on Drain Side (the Load-Line Equation):
-Vpp+ips Rs+vpbs =0 or vps= Vpp — ipsRs

For operation in the saturation region, the Output Voltage is
Vo = ips Rs = IpssRs(1 + vGs/Vpo)? = InssRs[1 + (VG — ipsRs)/Vipo]%.
Graphical Analysis ips

. Ibss
Gate-Source Equation

-V + 1ps Rs + vgs =0

Intercepts

Ves = Vae =¥ V VGS

ips = Vgo/Rs
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OTHER COMMON-SOURCE CIRCUITS
Coupling Capacitors in n-Channel JFET Common-Emitter Circuit

Different AC and DC Load Lines

Rp

R, G Vbs
*Vgs - Ry +
VGG RS S I \]0

Single-Source in n-Channel Enhancement-Mode MOSFET Circuit

Thevenin Equivalent Circuit for Input Voltage

‘éRn

Ve = Vtu= Vpp [R2/(R1 + R2)]

Rru = Ri||[R2 = [R1R2/(R1 + R2)]
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SELF-BIASING JFET CIRCUIT

Self-Biasing Circuit with an n-channel JFET
e Reverse Bias of Gate-Channel -V, <vgs <0 and vps> 0

Analysis for Operating Point
(VDs, 1DS).

Kirchhoff’s-Voltage-Law for Gate-
Source gives (i = 0).

vGs = -1ps R

For -V < vgs <0, then

ips = Ipss(1 + vas/Vipo)?

ps = IDSS[I + ('iDS RS)/Vpo]Z-

Kirchhoff’s-Voltage-Law on Drain
Side (the Load-Line Equation):

-Vop + ips (Ra +Rs) + vps =0
or  vps= Vpp— ips(Rq +Rs)

Self-Biasing Circuit with a p-channel JFET
e Reverse Bias of Gate-Channel -V, <vsg <0 and vsp> 0

Analysis for Operating Point
(Vsp, 1sD).

Kirchhoff’s-Voltage-Law for Gate-
Source gives (ig = 0).

vsG = -1sp Rs

For -Vpo < vsg <0, then

isp = Isps(1 + vsG/Vpo)?

isp = Isps[1 + (-isp Rs)/Vpo]*.

Kirchhoff’s-Voltage-Law on Drain
Side (the Load-Line Equation):

-Vop +1sp (Ra +Rs) + vsp =0
or  vsp= Vpp — isp(Ra +Rs)
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ENHANCEMENT-MODE MOSFET CIRCUIT

Passive Drain Load on an Enhancement-Mode n-channel MOSFET
e Reverse Bias of Gate-Channel 0 < Vo < vgs and vps > 0
e “On” forips > 0 (Von < vas ) and “Off” for ips = 0 (Von > vaGs )
e vGs =Vge = Vi (since ic = 0)

Analysis for Operating Point (vps, 1ps).

The Gate Voltage determines the Drain-Source Current (vgs =Vgs = Vi).
FOI’ O < Von < VGS — Vi, then iDS = KVonz(VGS/Von - 1)2

Kirchhoff’s-Voltage-Law on Drain Side (the Load-Line Equation):
- Vpp+ips Ra+vbps =0 or vps= Vpp— ipsRqa

Note the inverter behavior. A low input voltage produces a high output
voltage and a high input produces a low output.

Graphical Analysis .
IDS| Ve 1
Load-Line e VGS
-Vpp + ips Ra + vps = 0
Intercepts
vbps = Vbpp
ips = Vbp/R4 VGS < Von VDS
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DEPLETION-MODE MOSFET CIRCUIT

Depletion-Mode n-channel MOSFET as an Active Load
e Reverse Bias of Gate-Channel vps > 0
e Gate connected to the Source vgs =

ins ¢ [D
+
VDD

Analysis for Operating Point (vps, 1ps).

The Gate Voltage determines the Drain-Source Current (vgs = 0).
iDS = IDSS[2(1 + O) (VDS/Vpo) - (VDS/Vpo)Z] & iDS = IDSS(l + 0)2

Kirchhoff’s-Voltage-Law on Drain Side (the Load-Line Equation):
-Vbop+ Vss+vps =0 or vps= Vpp— Vss

. . ins
Graphical Analysis T

o P — () "(;S
For vps = Vpp — Vss > Vo VGS =

Then 1ps = Ipss

For vps = Vpp — Vss < Vpo
Then 1ps = VDS
Ipss[2(VDs/Vipo) — (VDs/Vpo)?] |
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ENHANCEMENT-MODE MOSFET INVERTER CIRCUIT

Active Drain Load on an Enhancement-Mode n-channel MOSFET
e Enhancement-Mode MOSFET with Input Vi = vgsi
e Depletion-Mode MOSFET with vgs2 =0

ips, | D

Vps2 <+>

+ves2 - |- T
S
iDSl‘ D
G +

H vDSl = VO

Vi +vgs1 -] S

Analysis for V, vs. Vi

Kirchhoff’s-Voltage-Law (the Load-Line Equation):
- Vbp+vbs2 +vpst =0 or vpsi = Vpp — vps2

Extremes

Input Low Vi=vagsi < Von, (MOSFET 1 “Off” and MOSFET 2 “Off”)
ips1 = ips2 = 0; then vps2 = 0 and (LL) vbs: = Vpp

Input High Vi = vgs1 >> Von (such that vps2 > Vo),

(MOSFET 1Unsaturated and MOSFET 2 Saturated)
ips1 = ips2 = Ipss2; then (LL) vpsi approaches 0 V

| —

vGs1 <Ven | wos1
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ENHANCEMENT-MODE MOSFET INVERTER CIRCUIT

Active Drain Load on an Enhancement-Mode n-channel MOSFET

ips; | D

+ves2 - |-

iDSl‘ D

G — |-

H VDSI = V0

Vi +vgs1 -] S

Progression
For Vi=vagsi < Von, ips1 = ips2 = 0; then vps2 = 0 and (LL) vpbs1 = Vbp
(MOSFET 1 “Off” and MOSFET 2 “Oft”)
Low Input and High Output

For Vi=vasi = Von' and vps2 < Vpo, ipsi = ips2 < Ipss2;
(MOSFET 1 Saturated and MOSFET 2 Unsaturated)

For Vi=vasi > Von'" and vbs2 > Vpo, ipsi = ips2 = Ipss2;
(MOSFET 1 Saturated and MOSFET 2 Saturated)

For Vi = vGs1 >> Von and vps2 ~ Vb, Ips1 = ips2 = Ipssz;
(MOSFET 1Unsaturated and MOSFET 2 Saturated)
High Input and Low Output

ios \-n
!
VGS1 VDSl

vGs1<Ven | wos1

Vi= visi
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