MOSFET as a Switch
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* When gate voltage is high, device is on.

* Source and drain are interchangeable.

* But,
- At what gate voltage does the device turn on?
- How much is the resistance between S and D?
- What limits the speed of the device?
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MOSFET Structure
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* n-type MOS (NMOS) has n-doped source (S) and
drain (D) on p-type substrate (“bulk” or “body”).

* SID junctions “side-diffuse” during fabrication so
that effective length L . =L ..~ 2L,.

« Typical values are L_, =10 nmand t,_ = 15 A.

* The S terminal provides charge carriers and the D
terminal collects them.

* As voltages at the three terminals changes, the
source and drain may exchange roles.
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MOSFET Structure
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* MOSFETSs actually have four terminals.

* Substrate potential greatly influences device
characteristics.

* Typically S/D junction diodes are reversed-biased
and the NMOS substrate is connected to the most
negative supply in the system.
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MOSFET Structure
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* PMOS is obtained by inverting all of the doping
types (including the substrate).
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MOSFET Structure
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* In complementary MOS (CMOS) technologies
both NMOS (NFET) and PMOS (PFET) are needed
and fabricated on the same wafer.

* In today’s CMOS, the PMOS is fabricated in an n-
well, where the n-well is tied to the most positive
supply voltage.

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 6



MOS Symbols

NMOS PMOS NMOS PMOS NMOS PMOS
D S D S D D
G o—l ------- oB G D—I ------- oB G o—' G D—I G o—l G o—cl
S D S D S S

(a) (b) (c)

* Substrate is denoted by “B” (bulk).

* PMOS source is positioned on top since it has a
higher potential than the gate.

* Most circuits have NMOS and PMOS bulk tied to
ground and V,,, respectively, so we tend to omit

the connections (b,c).

* Digital circuits tend to incorporate “switch”
symbols (c).
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Threshold Voltage
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« As V. increases from zero, holes in p-substrate

are repelled leaving negative ions behind to form
a depletion region.

* There are no charge carriers, so no current flow.
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Threshold Voltage

* Increasing V further increases the width of the

depletion region and the potential at the oxide-
silicon interface.

* Structure resembles voltage divider consisting of
gate-oxide capacitor and depletion region
capacitor in series.
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Threshold Voltage
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* When interface potential reaches sufficiently
positive value, electrons flow from the source to
the interface and eventually to the drain.

* This creates a channel of charge carriers
(inversion layer) beneath the gate oxide.

* The value of V;at which the inversion layer
occurs is the threshold voltage (V).
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Threshold Voltage
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* Where

- @, Is the difference between the work functions
of the polysilicon gate and the silicon substrate.

- k is Boltzmann’s constant.
- q is the electron charge.
- N, Is the doping density of the substrate.

- n, is the density of electrons in undoped silicon.
- Qu¢p IS the charge in the depletion region.

- C,, Is the gate oxide capacitance per unit area.

- €, IS the dielectric constant of silicon.
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Threshold Voltage
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* In practice, threshold voltage is adjusted by
implanting dopants into the channel area during
device fabrication.

* For NMOS, adding a thin sheet of p* increases the
gate voltage necessary to deplete the region.
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Threshold Voltage

* Turn-on phenomena in PMOS is similar to that of
NMOS but with all polarities reversed.

* If the gate-source voltage becomes sufficiently
negative, an inversion layer consisting of holes is
formed at the oxide-silicon interface, providing a
conduction path between source and drain.

* PMOS threshold voltage is negative.
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Derivation of I/V Characteristics

=

One second later

IZQd‘F

* Where

- Q, is the mobile charge density along the
direction of current I.

- v is the charge velocity.
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Derivation of I/V Characteristics
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» Onset of inversion occurs at V¢ =V,

* Inversion charge density produced by gate oxide
capacitance is proportional to V. - V,, since for

V. 2 V,,, charge placed on the gate must be

mirrored by charge in the channel, yielding a

uniform channnl charge density:
ﬂr( G.S’ VTH)

 Where WC_, is the total capacitance per unit
length.
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Derivation of I/V Characteristics
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* Channel potential varies from zero at the source to
V, at the drain.

* Local voltage difference between the gate and the
channel varies from V to V; - V,,.

* Charge density now varies with respect to x :
Qa(x) = WCox[Ves —V(x) — VTH]’

where V(x) is the channel potential at x.
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Derivation of I/V Characteristics

W 1
Ip = unCox (I) [(VGE — Vru)Vps — (E) Vgs]-
* Since
- 1=0Qq"v
- v =uk.
- E(x) = —dV/dx.

Qa(x) = WCox[Vgs — V(x) — Vryl.

- Ip = WCpy :VGS_V(x) — VTH]Hn(dV(dex)-
_ L ~Vps
| mdx= [ " WConlVes - V) = Venlav
x=0 Jv=0

* A negative sign is added because the charge
carriers are negative for NMOS.
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Derivation of I/V Characteristics

W 1 . |
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* Vo~V IS known as the “overdrive voltage.”

* WIL is known as the “aspect ratio.”

o If Voo = Vs~V We say the device is operating Iin
the “triode region.”
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Derivation of I/V Characteristics
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e If V << 2(V4-V-,), then

W
Ip = unCox (f) (Vs — Vra)Vps.

* In this case, the drain current is a linear function
of V< so the path from source to drain can be

represented by a linear resistor:

1
Ron = -
W
Uy Cos (T) (Vﬁs — VTHJ
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Derivation of 1/V Characteristics
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o If Vs << 2(V.s—V4), the device is operating in
“deep triode region.”

* In this region, a MOSFET can operate as a
resistor whose value is controlled by the
overdrive voltage.

* Unlike bipolar transistors, a MOS device may be
on even Iif it carries no current.

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 20



Derivation of I/V Characteristics

* For example, given the topology on the left
j‘:’ and that

- 1, Cor = 50 ,uA/VZ,
e - W/L =10,

: - Vip =03V,
1

Ron — , .
50 uA/VZ x 10(Ve — 1V —0.3V)

. -
13V Ve
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Derivation of I/V Characteristics
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* In reality, if V¢ > V —V,,, |, becomes relatively

constant and we say that the device operates in
“saturation region.”

* Vpeat = Ves—Vry denotes the minimum Vg
necessary for operation in saturation.
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Derivation of I/V Characteristics
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o If V¢ is slightly larger than V.-V, the inversion

layer stops at x <L, and the channel becomes
“pinched off.”

« As V. increases, the point at which Q, equals
zero gradually moves towards the source.

* At some point along the channel, the local
potential difference between the gate and the
oxide-silicon interface is not sufficient to support
an inversion layer.
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Derivation of I/V Characteristics
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* Electron velocity (v =1/Qa) rises tremendously as
they approach the pinch-off point (where ¢; — 0)
and shoot through the depletion region near the
drain junction and arrive at the drain terminal.
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Derivation of I/V Characteristics

21
Vas = DW + Vry

* Since the integral becomes

X=Xy =L V=Vgs— Vry |
= j fDdI = J WCDIJLL?I[VGS T V(I) o VTH]dV
x=0 V=0

i |

w 2
Ip = Eﬂn Cox (F) (VGS — VTH) .

o | is relatively independent of V if L’ remains
close to L.
* The device exhibits a “square-law” behavior.
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Derivation of 1/V Characteristics

* For PMOS devices, the equations become
) W o 1.
- Ip = —/f-p(-t_—;.-rT (Vas — Vru)VDs — 5“1%5' :
R T o
= Ip = _51”';0( (';;1_'7(1"(;'.‘5' — Vrr)*

* The negative sigh shows up due to the
assumption that drain current flows from drain to
source, whereas holes in a PMOS flow in the
reverse direction.

* Viss Vpsy Vo @and Vi~V are negative for a PMOS
transistor that is turned on.

* Since the mobility of holes is about %2 the mobility
of electrons, PMOS devices suffer from lower
“current drive” capability.
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Derivation of I/V Characteristics
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* A saturated MOSFET can be used as a current
source connected between the drain and the
source.

* NMOS current sources inject current into ground
while PMOS current sources draws current from
Voo
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Derivation of I/V Characteristics

= < The drain is defined as the terminal

Vos b * Vps = Vgs—V1y = Vp o IS the line

i ¥ Aniuration between saturation and triode region.
) R - For a given V_, the device eventually
T leaves saturation as V. increases.
e Triode

o Vi Vioe ] i

S with a higher (lower) voltage than the

source for an NMOS (PMOS).
Saturation Edge of Triude Region Saturation Edge of Triode Region
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