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Integrated devices and modeling
(with focus on MOS transistor)
(Chapter 1)



A. Diode

B. BJT

C. MOSFET

D. Resistor

E. Capacitor

F. SPICE modeling



Cross section view of a Diode




Voltagecurrent relation of a Diode
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Linear smaibignal equivalent circuit

wMany electronic circuits use DC supply voltages to bias a nonlinear device at an
operating point and a small AC signal is injected into the circuit.

wln this case, analysis of the circuit can be split to two parts.

wFirst, DC analysis to find the operating point. In this part, nonlinear characteristics c
the device must be considered.

wSecond, AC (or smalignal) analysis is performed. In this part, the device
characteristics are approximately linear if sufficiently small regions of operation is
considered, a small linear smalfgnal equivalent circuit for the nonlinear device can be
used for analysis.

wSmalsignal linear equivalent circuit is a very important analysis approach that
applies widely to electronic circuits.



Smalisignal equivalent circuit of Diodes

wln the case of diodes, DC supply voltage bias the
diodes at the quiescent point, or calledgint.

wAt the Qpoint, a small AC signal injected into the i Linear approximation at
circuit swings the instantaneous point of operation the Q point

slightly above and below the-Qoint. For sufficiently
small AC signal, the characteristics is straight.

We can define then Ipg ————————— Q point

Dip, = (diy / dvs ) DV,
ry =[(dip /A5 )]
Di_ ° Dv, /r,

Figure 3.31 Diode characteristic
illustrating theQ-point.

ol herefore one can find the equivalent resistance of
the diode from the small AC signal.



Depletion capacitance of diode

Under reverse bias, the depletion region get wider with increasing voltage.

The charge in the depletion region is similar to the charge stored on a p4doiallel
capacitor. However additional charge increment in the depletion region is separated by
a larger distance.

Thus the reverse bias junction behaves like a capacitor, but depletion region capacitan
IS not constant (or nonlinear).
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Figure 3.47 As the reverse bias voltage becomes greater, the charge stored in the depletion region increase



Depletion capacitance of diode Il

The depletion region capacitance is defined as
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Figure 3.48 Depletion capacitance versus bias voltage for the 1N4148 diode.



Diffusion capacitance of diode

Another basic chargstorage mechanism occurs when the PN junction is forward biased.

Forp™njunction (p type is more heavily doped) shown below, the current crossing the
junction is mainly due to holes from thegude to nside. The charge associated with the
holes that have crossed the junction is stored charge (represented in shaded area belov
As current is increased, more holes cross the junction and stored charge increases.

This effect of charge storage is represented as diffusion capacitance.
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Figure 3.49 Hole concentration versus distance for two values of forward current.



Complete smalsignal model of diode

wComplete smalsignal model can be derived.

Rs ohmicresistance of bulk material on both sides of the PN junction
r« smallsignal resistance of the diode

G depletion capacitance

Gair diffusion capacitance

wUnder reverse biagsifis 0 and «is an open circuit.

wThis smaikignal equivalent circuit is valid for PN junction diode over a wide range of
frequencies provided smadlignal conditions apply.
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Figure 3.50 Smallsignal linear circuits for thpn-junction diode.



Cross section view of a BJT transistor

The base contact surrounds
the emitter contact to
minimize base resistance.
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Smaklsignal model of a BJT transistor
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Cross section view of a MOS transistor

Polysilicon

Metal (Al) Gate Sio,
Source (o) Drain

//////;

"~ J "

Bulk or substrate



The important dimension of a transistor
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MOS transistor symbols (NMOS)
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MOS transistor symbols (PMOS)
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Transistor operation |
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Resulting in an accumulated
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depending on ¥s



MOS operation IlI: triode(linear) region

Q,(0) = Cox(VGS_thg / Increasing x Q.(L) = Corx(Vap — Vin)

Qn(x) = Cox(VGS_Vch(X) _th)
Chapter 1 Figure 11



I <“n (VGS th)VDS

Ip

W
Coxr(VGS - th)VDS

Chapter 1 Figure 12



MQOS operation lll: saturation (active) reqior

Vg =0
Depletion region N

— I
-t +
--“-‘--‘--‘--‘_‘- .
e ‘
e ( :
." I I |
| L4

Pinch-off for \‘ ““““““““““
Vep < Vi
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The threshold voltage

The threshold voltage of a transistor is not constant, but affected by the sdnodg
voltage \¢g this is called body effect.

Vin = Vino + 7(J/Vse + [20¢] — J][20¢])

where V,,, is the threshold voltage with zero Vgg (source-to-body voltage), dc = (KT/q)In(N,/n;) is the Fermi
potential of the body, and

Al 2q NAKSS(,
Cox

'

The factor v is often called the body-effect constant and has units of /V. Notice that v is proportional to ./Na,'* so
the body effect is larger for transistors in a well where typically the doping is higher than the substrate of the
microcircuit.



Body effect on threshold voltage: an examp
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Channel length modulation

Vs > Vi,

Depletion region AL oc WVps—Ve+ @y Pinch-off region
Chapter 1 Figure 15
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A summary of operation regions

Chapter 1 Figure 16

In analog amplifiers, MOS transistors are mostly used in active regions, but in digital
circuits they often operate in both regions.



