IV. Metal-Oxide Field-Effect Transistors (MOSFET)

4.1 Device Operation

Consider a hypothetical semiconductor as is shown. It is constructed
similar to a parallel-plate capacitor, i.e., a layer of insulator is sand-
wiched between a metal plate and a p-type semiconductor. The p-type
semiconductor includes mobile holes (majority carriers) and stationary,
negatively-charged dopant ions.

If voltage, vy, is applied to this device with the positive terminal at-
tached to the metal plate, electric charges, () = C'vy, appear on both
terminals of this device. Because the metal plate is positively charged
and the electric field is strongest in the vicinity of the insulator/p-
material interface, mobile holes in this regions are repelled, forming a
“depletion” region.

If v; is increased above a threshold value, V;, electric field becomes
strong enough to pull electrons (minority carriers) to the insulator/p-
material interface. As the holes had been repelled from this region, an
“inversion layer” is formed which contains electrons in the conduction

¢

band. This layer or “channel” is a “virtual” n-type material.

A simplified structure of a metal-oxide field-effect transistor
(MOSFET or MOS for short) is shown. The device is fabri- source
cated on a p-type substrate (or Body). Two heavily doped
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n-type regions (Source and Drain) are created in the sub-

strate. A thin (fraction of micron) layer of SiOy, which is

an excellent electrical insulator, is deposited on the p-type
material in between the source and drain regions. Metal is

p-type substrate

deposited on the insulator to form the Gate of the device
(thus, metal-oxide semiconductor). Metal contacts are also
made to the source, drain, and body region.

l Body

The length of the channel region, L, is the the smallest feature of the transistor on the chip

surface. The drain and source regions are typically much wider (picture is zoomed on the

channel region). The width of the device W (dimension into the page) is also much larger

than L.

The region between the source and the drain (p-type body, the oxide insulator layer and
the gate metal) resembles the hypothetical parallel-plate capacitor above. As discussed, if
a voltage greater than some threshold value is applied between the gate and the body, an
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inversion layer will forms The inversion layer is a virtual n-type “channel” connecting the
source to the drain. Both source and drain regions are heavily doped to provide a source
of free electrons and assist in the formation of this inversion layer. This device is called a
“n-channel” enhancement MOS or NMOS for short.

Let’s first consider the case when no channel is formed. If we apply a voltage between the

drain and the source NO current flows as n/p/n regions between the drain and the source
look like two diodes back to back. This case is called the MOS cut-off mode.

Note that we need to ensure that drain/body and source/body diodes are reverse biased so
that no current can flow from the drain to the body or from the source to the body. For
now, we assume that the source is connected to the body and vpg > 0 for this purpose. We
will examine implications of this assumption later.

We denote the threshold voltage for the formation of the channel as V;. We apply a voltage
vgs to the NMOS (vgs = vgp). As long as vgs < Vi, no channel is formed, the MOS is in
cut-off and no current can flow from drain to source (ip = 0).

When, vggs > Vr, the virtual n-type channel is formed. As both drain and source region are
also n-type, formation of this channel provide a n-type path for the current to flow from the
drain to the source. The total charge in the channel is |Q| = CVpy. Voy = vgs — V; is called
the “overdrive” voltage. C' is the capacitance of the gate/body structure:

Q| =CVoy  with C=2WL=0C,WL

ox

where C,, is the capacitance per unit area. €., and t,, are, respectively, the permittivity
and the thickness of the insulator region.

v Vs i
Now, if we apply a voltage vps to the device an electric TS GS? R ? i ’

field of F = vpg/L appears along the channel. Electrons

in the channel move from the source to drain with a drift

velocity of

Induced channel

UDsS
vd”ift = /’L"‘E‘ = Hn L p-type substrate
where p, is the mobility of electrons. The resulting cur-
rent, ip is: ®
_dQ_dg dr Q| @l vos

PTG Ty A LT
iD — ,unCO$ fVOV,UDS
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Effectively, the device acts like a resistor. Its conduc- i
tance, gpg, is controlled by Vpy. For this case plot of
ip Versus vpg is a straight line with a slope of gpg. For Vas™Vi*Voy

Vov < 0 no channel exists (zero conductance). Ry
GS t oV,

The above description is correct only for small values of Vee=Vi+V oy
Ups as in that case, vgp = vgs — Vps =~ vgs and the in-

duced channel is fairly uniform (i.e., has the same width vy, Vs
near the drain as it has near the source). If we increase
vps (keeping vgs the same), vgp = vgs — vps becomes

smaller than vgg. As such, the size of the channel near Ves Yos i
the drain becomes smaller than its size near the source, RS I ¢ [ P

47
o

as 1s shown. This is called the “Triode” mode.

In this configuration, the charge per unit length near the

Induced channel

source is Co, W Vo (similar to that of a straight channel).
p-type substrate

The charge per unit length near the drain, however, is
reduced to Co, W (Voy — vpg). The average charge per J *****
B

unit length in the channel is:

@ - O.S[Co:pWVOV + ComW(VOV - UDS)] = 0'500wW(2VOV B UDS)
. U W
ip = ‘?J’ Hn %S = nCoy f(ZVOVUDS o vi)S)

Note that for small vpg, the above equation for ip reduces to the one for a straight channel.

When vps = Voy, the depth of the channel at the drain
becomes effectively zero. It is said that the channel is S W :
ource - Drain

“pinched” off. At this point (vps = Vov): 1 |

. w w
ip = O5Mncow f(zVOVVOV - VO2V)VOV = 0'5lunooz f‘/gv

If vpg is increased further, the channel pinched-off point remains very close to the drain and
1p remains approximately constant, given by the expression above. This case of vpg >V} is
called the “Saturation” mode.
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The circuit symbol for an NMOS is shown on the right. The NMOS j ) io
physical structure is symmetric, ¢.e., drain and source positions can be G
exchanged without any change in device properties. Similarly, the source D—"—l
and the drain are indistinguishable on the circuit symbol and the arrow s
is placed on the body (pointing inward as it is p-type). For most ap-
plications, the body is connected to the source, leading to a 3-terminal Ji 'o
element. In this case, the source and the drain are not interchangeable. A Cf—'
simplified circuit symbol for this configuration is usually used as is shown ﬁ
below (with the arrow on the source, pointing outward as it is n-type). S
Directions of currents and voltages are chosen such that they are all > 0

An NMOS is a 3-terminal device with six parameters (3 voltages i.=0 °1 _{ L
and 3 currents). Similar to a BJT, two parameters (ig and vgp) G Vos
can be written in terms of the other four. Since ig = 0 (ig = + Ves _

ip), an NMOS has three parameters and its iv characteristics _SOL is=iL

equation is in the form of ip = f(vpg, vgs)-

Note that ip = f(vps,vgs) is a surface in the 3D-space of (ip, vas, vps) as is shown below
(left). Projection of this surface on the ip-vpg plane (with vgg pointing into the paper) is
shown on the right. The three modes of operation of a MOS are identified on this figure:

1) Cut-off mode in which no channel exists (Voy < 0 for NMOS) and ip = 0 for any vpg.
2) Triode mode in which the channel is formed but not pinched off (Vo > 0 and vps < Voy ).

3) Saturation mode in which the channel is formed and pinched off (Vpy > 0 and vps > Voy ).

Cut-off: Vov < 0, ip=20
. , |44
Triode: VOV >0 & Ups < VOV ip = O.SMHC’M f [QVov”UDS — UZDS]
. : W,
Saturation: Vo >0 & wvps > Vovu ip = 0.511,Cly T Vo (1 + Avps)
NMOS iv Characteristics i (_”Qlfrfx;g)v i Ups = gy

: Sl
region 57[ ~ Saturation region

_______ , vgs =Vi+ Vo
"
i
1 =
p—  Uos=Tov

[

Ugs =V, + Vo

vos = Vi+ Von

vgs = Vit Voy

0 Vo Vo Vors Vow Ups

&vasi V, (Cutoff)
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Channel-width Modulation: In saturation, the channel is pinched off and the pinch-
off point remains “approximately” at the drain. If the pinch-off point remains exactly at
the drain, ¢p would be constant. In reality, ip increases slightly when vpg is increased.
This effect is called “channel-width modulation.” If we extrapolate NMOS v lines in the
saturation mode, they will all intersect the horizontal axis at —Vj4. (similar to the Early
effect in BJTs). Channel-width modulation effect is included in the saturation mode ip
equation through the (1 4+ Avpg) term with channel-modulation parameter, A = 1/V,. Note
that V4 is much larger than the threshold voltage.

Body Effect: Recall that the drain-body and source-body pn junctions should be reverse
biased. In deriving NMOS ¢v characteristics, we had assumed that the body and the source
are connected. It is not straight forward to connect the body of every MOS to its source in
an IC chip. The common practice is to attach the body of the chip to the smallest voltage
available from the power supply (zero or negative). In this manner, drain-body and source-
body junctions of all NMOS would be reverse biased. The impact of this approach is to
lower the threshold voltage for the MOS devices slightly. This is called the body effect.
Body effect can degrade device performance. For analysis here, we will assume that body
effect is negligible.

p-Channel Enhancement-Type MOSFET (PMOS)

The physical structure of a PMOS is identical to an NMOS except that JT 'o
the semiconductor types are interchanged, i.e., body & gate are made of ?—|I—>—I§
n-type material, source & drain are made of p-type material, and a p- T
channel is formed. As the sign of charge carriers is reversed, all voltages ®
and currents in a PMOS have opposite signs compared to those of an D i
NMOS. In order to get positive values for voltages and currents in a PMOS, G J
the convention is that the drain current is flowing out of the drain and |Iﬂ
subscripts for voltages are reversed (as is shown). s
Since the threshold voltage in a PMOS is negative, the over- D i
drive voltage is defined as Vo = vsg — |Vip|. The channel- i4=0 OE °
width modulatl'on coefficient is a?lso posfmye and c‘leﬁned as G o Vep
Ap = 1/V4,. With these conventions, the iv equations for a Ty +
SG + .

PMOS are: SOT Is=1lg

Cut-off: Vov < 0, ip=20

. , w
Triode: VOV >0 & vsp < VOV ip = 05/1710033 f <2VOVUSD — U%D)
. . W,
Saturation: Vo, >0 & wvgp > Voy ip = 0.511,Cly T Vo (1 + Avsp)
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4.2 Solving MOS circuits in DC

A MOS is very similar to a BJT in that the applied voltage vgg controls ip flowing through
the drain-source circuit. As such, we can solve a MOS circuit utilizing a method similar to
that used for BJTs: Write down GS-KVL and DS-KVL, assume the MOS is in a particular

state, solve the circuit with the corresponding MOS equation and validate the assumption.
There are some differences, however:

1) A MOS is controlled with vgg and ig = 0. As such, typically no resistor is necessary in
the gate circuit (as opposed to an Rp which was necessary for a BJT).

2) When MOS is in cut-off, ip = 0. However, ip = 0, does not mean that MOS is in
cut-off. This is a very important property that is utilized in the design of CMOS logic gates
(discussed in the next section).

To see this, assume that a MOS is in triode. Condition of ip = 0 gives:

ip = 0.50,Cop — [2Vovups —vhg] =0 —  wpg=0

w
L
Thus, ip can be zero if a MOS is in the triode mode and vpg = 0.

We can also reach this conclusion by noting that when a MOS is in cut-off no channel exists
and thus ip = 0. However, if MOS is ON and a channel exists, ip would be zero if no voltage

is applied between the drain and the source terminals to drive ip. Because vpg = 0 < Voy,
this MOS has to be in triode.

3) MOS iv equations are quadratic. Often, we find two roots in solving a MOS circuit with
one being unphysical. Furthermore, it is usually easier to check for the saturation mode than
the triode mode (as we see below).

Example: In the circuit below, Rp =1 k and Vpp = 12 V. Compute v, for v; = 0, 6, and
12V (p1nCoe(W/L) = 0.5 mA/V2 V; =2V, and X = 0).

\%
Part A:v; =0 V. >
Rop
GS-KVL:  wvgs=v;,=0<V, — NMOS in cut-off ip=20 o) v
(o]
DS-KVL: VDD = RDiD + Ups — Vo = Ups = VDD =12V v, |
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Part B:v; =6 V.
GS-KVL: vas =v;, =6 — Vov =vgs—V;=6—-2=4V

Since V; > 0, MOS is ON. Assume the NMOS is in saturation (with A = 0):

W
ip = 0.5/nCor — V2, =05x05x107% x (4)? = 4.0 mA
DS-KVL: VDD = RDiD + Ups

12=10°x4x 102 +vpgy — v, =vps=8V
Since vps = 8 > Vpy =4 V, out assumption of MOS in saturation is justified.

Part C: v; =12 V.
GS-KVL: vVas = v; = 12 — VOV = VGs — ‘/;g =12—-2=10V

Since V; > 0, the NMOS is ON. Assume the NMOS is in saturation (with A = 0):

W
ip = 0.5/1nCor — Vi =05 x 0.5 x107% x (10)* = 25.0 mA
DS-KVL: VDD = RDiD + Ups

2=103%x24x 103 +vps — wv,=vpg=—13V

Since vps = —13 < Vpy = 10 V, our assumption of saturation mode is NOT justified.

Assume the NMOS is in triode:

ip = 0.50,Cop — [2Vovvsp — vep] = 0.5 x 0.5 x 107 x (20vsp — vz p)

L
DS-KVL: 12 =10%p + vpg

The above two equations in two unknown can be solved by substituting for ip into DS-KVL:

12 =10% x 0.25 x 1072 x (20vsp — vZ},) + vpg
vhe —24vps +48 =0 — wvps=21.8V and wpg=22V

The first root vps = 21.8 > Vo = 10 V is not acceptable for a MOS in triode. The second
root is the correct one as vpg = 2.2 < Vo, =10 V.

Thus v, = vpg = 2.2 V.
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4.3 MOS transfer function

We will find the transfer function of a MOS by examining the circuit below.

Voo
GS-KVL:  vgg = v; R,
DS-KVL: Vop = Rptp + vps io| A
Vio—
Starting at v; = 0, we find vgg = 0 < Vp and the NMOS is in
cut-off with v, = Vpp. The NMOS remains in cut-off as long as =
v; = vgs < Vi g Gl Stturtion

off

When v; = vgs = V; (point A in the figure), the
NMOS turns ON (i.e., a channel is formed). If we
increase v; slightly beyond this point, Voy = vgs —
Vi, = v; — V, is positive but small. Thus, ip would be
small leading to vps = Vpp — Rpip be close to Vpp.
As such to the right of point A, vps > Vo and the
NMOS is in saturation.

As we increase v; (further to the right of point A), Vpy increases leading to a larger ip and

s

a smaller vpg. At some point vpgs = Vpy and the NMOS enters the triode mode (point B).
For larger v; (and Vpy ), ip increases (and v, = vpg decreases) but not as fast as it was in
the saturation mode as is shown.

We can observe this behavior by considering the 3-D 7v characteristic surface of the MOS
(figure below left). The DS-KVL, Vpp = Rpip+vps, represents a “plane” in this 3-D space
which is parallel to the vgg axis. The intersection of the DS-KVL plane and the NMOS v
surface is the operating path of the NMOS (shown below with points A, B, and C identified).
The figure below (right) is the projection of this 3-D structure onto the ipvpg plane with
vgs pointing into the paper. The projection of the KVL plane and the operating path of the
NMOS overlaps and is the load line in this figure.

Ugs = Vi

Triode —>-<— Saturation

I

vGs GS
} Load-line
i slope = —1/Ry,
0 Ugs =+
|
|

0 Vsl Vsl = Vasly = Vi Vs Voo s
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Note that if we look at the 3-D picture from the top with ip axis pointing out of the paper,
we should see the transfer function of the NMOS.

The NMOS transfer function provides an insight into MOS functional circuits. In the sat-
uration mode, v, has an approximately linear dependence on v; (similar to a BJT in the
active mode). A MOS in saturation can be utilized in amplifier circuits (discussed later).

MOS switches and RTL logic gates can be constructed by using the transition from cut-off
to triode (similar to BJT in cut-off/saturation modes). There are, however, some differences
with similar BJT circuits:

An NMOS remains in cut-off for v; < V; and
value of V; can be set through the manufacturing

process (as opposed to v; < Vpy = 0.7 V for a
BJT).

When a BJT is in saturation, v, = Vi, and is fm1ea

independent of the transistor and/or circuit pa-
rameters. When a MOS is in triode, v, and ip
depend on MOS parameters as well as the value 2

of Rp. As can be seen from the figure, a larger " V)

Rp leads to a lower v, in the low state and a ©
“rapid” transition from cut-off to triode.

While it may appear the a large Rp is require to get “good” transfer function for a logic
gate, large Rp reduces gate switching times considerably. NMOS digital gates are not used
today because of the CMOS technology offers a far superior circuit.

4.4 Complementary MOS (CMOS)

Complementary MOS technology employs pairs of NMOS and PMOS. CMOS devices are
more difficult to fabricate than NMOS ones. However, most of MOS circuits are based on
CMOS technology today because of the excellent properties of CMOS circuits (both analog
and digital).

The basic idea is to replace Rp in the NMOS inverter circuit above with a PMOS. Recall
that in the NMOS inverter circuit, the transfer function would resembles an ideal inverter
for large Rp (low v, in triode mode, rapid transistor from high to low state). The PMOS is
configured such that when v; is high (v, is low), it would act as an effectively infinite resistor.
Furthermore, When v; is low (v, is high), the PMOS acts as a small resistor thus allowing a
high switching speed.
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Two fundamental properties of CMOS logic gates are:

e A Low state of 0 and a High state of Vpp, thereby allowing for a maximum voltage
swing. These states are independent of MOS device parameters. As a result, the gate
has a wide noise margin.

e Zero static power consumption. i.e., ip = 0 when the gate is in one the two states. ip

is non-zero only during transition from state to another.

CMOS Inverter

We consider the response of the inverter to v; = 0 (low) and v; = Vpp (high). Note that

Uo = Upsi = Vpp — Ups2

OVDD
GSL-KVL: v =vgs1 —  vasi = v; —[ @
GS2-KVL:  vpp =vsge +vi —  vsg2 = Vbp — v; oo b
DS-KVL:  Vpp = vsps + vpsi R | "
KCL:  ipy = ip .
Case 1: v; =0 -

Since vgs1 = v; = 0 < V,,, NMOS will be in cut-off. Therefore, ip; = 0. Since vgge =
Vbop —v; = Vpp > |Vi,|, PMOS will be ON.

vas1 = v = 0< V,, — Qlis OFF — ip; =0

USG2:VDD_Ui:VDD > ’th’ — Q2 is ON ip2 =0
where we used KCL and 7p; = 0 to get ips = 0.
Since PMOS (Q2) is ON and ipy = 0, PMOS should be in triode and vsps = 0 (see discussion
of page 4-6)

UG51:UIZO<‘/tn — QllSOFF — ip1 =0
'UGSQZVDD_'Ui:VDD>’V;tp’ — Q2 is ON iDQZO — USD2:0

Then, Vo = VDD — Vsp2 — VDD-

The above analysis is valid as long as v; < V, (Ql OFF & Q2 ON) and v, remains at
Vo = VDD-
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Case 2: v; = Vpp

Since vgs1 = v; = Vpp > Vi, , NMOS will be ON. Since vgge = Vpp —v; = 0 < V3|, PMOS
will be in cut-off and 7ps = 0.

vgs1 = v1 = Vpp > Vin — Q1is ON
UGS2:Ui_VDD:0<|V;§p| — QQISON — iDQZO

By KCL, ips = 0 implies ip; = 0. Now, NMOS (Q1) is ON and ip; = 0. Thus, NMOS
should be in triode with vpg; = 0.

UGSIZUIIVDD>‘/tn — QllSON iD1:O — UD51:0
UGSQZUZ‘_VDD:O<|V;§p| — QQISON — iDQZO

Then v, = vpg1 = 0.

The above analysis is valid as long as v; > Vpp — [Vi,| (Q1 ON & Q2 OFF) v, remains at
v, = 0.

In sum, when v; = 0, v, = Vpp and when v; = Vpp, v, = 0. Therefore, this is an inverter (or
a NOT gate). Note that 1) the low and high states were NOT set by transistor parameters,
and 2) ip; = ipe = 0 and the gate has zero power consumption when in either state.

The transfer function of a CMOS inverter is shown below. From our analysis, when v; < V,,,,
NMOS is OFF and PMOS is in triode. When v; becomes larger than V;,,, NMOS moves
from cut-off to saturation (PMOS still in triode). Increasing v; further leads to both MOS
to be in saturation. The, NMOS transistor moves to triode. Finally, when v; > Vpp — |V},
NMOS is in triode and PMOS is in cut-off.

When V,,, < v; < Vpp — |Vip| both MOS are ON (and one is in saturation), a current ip
would flow during the transition between high and low states (as shown below).
NMOS OFF

Vo / PMQOS Triode
NMOS Saturation i A

PMQOS Triode

NMOS Saturation Ji
/ PMOS Saturation

NMOS Triode
/ PMOS Saturation

|

|

|

I

|

NMOS Triode I
/ PMOS OFF | 1 = -
- 0 V Voo T Vop Yy

2

in

. - V. .
th VDD |th | Voo — | Vpl
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For a “matched” pair of MOS (i.e., Vi, = |Vip|, tn(W/L),, = p,(W/L),) the transfer function
would be symmetric about v; = 0.5Vpp, v, = 0.5Vpp point. In this case, the maximum value
of ip that flows during the transition occurs when v; = 0.5Vpp and v, = 0.5Vpp.

CMOS NAND Gate

As we saw in the CMOS inverter analysis, transistors in a CMOS logic circuit would be
either in triode with ip = 0 and vpg = 0 or would be in cut-off. As such, in the solution
below: 1) we will use GS-KVLs to find which transistors are OFF (and their ip = 0), 2)
we will use KCL to show that all ip are zero, 3) we will look for any MOS that is ON with
ip = 0. These transistors should have vps = 0. 4) From the vpg values, we will compute v,.

GS1-KVL: Vi =Vas1 — VUgsi = VU; Voo

GS2-KVL: Vo = Vgs2 +Ups1 — VUgs2 = U2 — Upsi

Q4
GS3-KVL: Upp = Usgs + VU1 — UVsgs = VDD — U1

GS3-KVL: Upp = Vsga + U2 —  vgga = Vpp — U9

Va

DS-KVL: Vbp = vsps + Vps2 + Ups1 @
DS-KVL:  vsps = vgps - Iljlm
KCL iDlziDQZiD3+iD4 =

Vo = Ups1 + Vps2 = Vpp — vsp3 = Vbp — Uspa
v1 = 0, v9 = 0 We first find vgg and state of all transistors:

vgs1 =v1 =0 < Vi, — Qlis OFF — ip; =0
UGS2 = V2 — Ups1 = —Upsi1 — Q2is?

vsas = Vpp —v1 = Vpp > |V — Q3 1is ON

vsgs = Vpp —va = =Vpp > |Vjp| — Q41is ON

While vpg; can be mathematically negative and still satisfy DS-KVL above, NMOS operation
requires vpg > 0. Thus, Q2 should be OFF (however, this is not used in analysis below).

By KCL iDQ = iDl =0 and iD3 + ’iD4 = iDl = 0. Since iD Z 0 for both PMOS and NMOS,
the last equation can be only satisfied if ip3 = ips = 0. We add values of ip to the table
above and look for transistors that are ON and have ip = 0. These transistors (Q3 and Q4)
have to be in triode mode with vgps = vgps = 0.

vas1 =v1 =0 <V, — Qlis OFF — ip; =0
UGs2 = U2 — Ups1 = —Upsi = Q2is? ip2 =0
UsggIVDD—Ul IVDD > H/tp‘ — Q3 is ON iD3:0 — USD3:O
VsGga = VDD — Uy = _VDD > |‘/tp| — Q4 is ON tpg = 0 — Vspa = 0
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Finally, we find v, = Vpp —vsp3 = Vpp. So, when both inputs are low, the output is HIGH.

We can check and see if our agreement for Q2 OFF is correct. Assume Q2 is ON. This
requires vgsy > Vi,. Since ips = 0 and Q2 is ON, vpgy = 0 (Q2 in triode). But v, =
UDsS1 -+ Ups2 — VDD leading to Ups1 — VDD and VGgs2 — V2 —Ups1 — 0— VDD = _VDD < ‘/m,
a contradiction of of Q2 being ON. Therefore, Q2 should be OFF.

vy =0, v =Vpp

vgs1 =v1 =0 <V, — Qlis OFF — ip; =0
Vgs2 = Uy —Ups1 = VDD — Ups1 — Q2 is ?

vsazs = Vpp —v1 = Vpp > [Vip| — Q3 1is ON

Vsaa = Vpp — v2 = 0 < |V — Q4is OFF — ipy =0

In this case, the state of Q2 is unknown. By KCL ipy = ip; = 0. Also, ip3 +ips =ip1 =0
leading to ip3 = 0. We add values of ip to the table above and look for transistors that are
ON and have ip = 0. This transistor (Q3) have to be in triode mode with vsps = 0.

U051:121:O<V2n — Ql is OFF — ip1 =0
Vgs2 = V2 — Upsi = Vpp —vps1 — Q2is 7 tp2 =0
vsgs = Vpp —v1 = Vpp > |Viy| — Q3 1is ON ips =0 — wvgps3 =0
Vsga = Vpp —v2 = 0 < |V — Q4is OFF — ip, =0

Finally, we find v, = Vpp — vsps = Vpp. So, when vy is LOW and vy is HIGH, the output
is HIGH.

We can go back and find the state of Q2. We will find Q2 to be OFF (left as an exercise).

vy = Vpp, v =0

vas1 =v1 = Vpp > Vi, — Qlis ON
Vase = Vs — Ups1 = —Upst < Vin — Q21is OFF — ipy =0
vsas = Vpp —v1 = 0 < |V, — Q3isOFF — ip3=0
vsgs = Vpp —v2a = Vpp > |Vip| — Q4is ON

We used vpg; > 0 to find the state of Q2. By KCL ip; =ips = 0. Also, ip3+ips =ips =0
leading to ipy, = 0. We add values of ip to the table above and look for transistors that
are ON and have ip = 0. These transistors (Q1 and Q4) have to be in triode mode with

vUps1 = Vsps = 0.

vgs1 =v1 = Vpp > Vi, — Q1 1is ON ip1=0 — wvpg1 =0
Vgs2 = V2 —Ups1 = —Ups1 < Vin — Q2is OFF — ipy =0
VsGgs = VDD — Vv = 0< |‘/tp‘ — Q3 is OFF — iD3 =0
USG4:VDD_U2:VDD > |V;5p| — Q4 is ON iD4:0 — USD4:O

ECEG65 Lecture Notes (F. Najmabadi), Winter 2012 4-13



Finally, v, = Vpp — vsps = Vpp. So, when vy is HIGH and v, is LOW, the output is HIGH.

v = Vpp, v2 = Vpp

Q1 is ON

Q2is ?

Q3is OFF — ip3=0
Q4is OFF — ip, =0

vgs1 = v1 = Vpp > Vi,
Vgs2 = V2 — Ups1 = Vpp — Upsi
vsgs = Vpp —v1 = 0 < |V

_
_
s
Vsaa = Vpp — vg = 0 < [V —

By KCL ips = ip1 = ip3 +ips = 0. We add values of ¢p to the table above and look for
transistors that are ON and have ip = 0. As can be seen in equations below, Q1 is ON and
ip1 = 0. Thus, vpg1 = 0. We use this value to find that Q2 should also be ON.

— QIlis ON
vas2 = V2 — Ups1 = Vpp —vps1 = Vpp > Vi — Q21is ON
vsaz = Vpp —v1 = 0 < [V — Q31is OFF
Vsga = Vpp — 12 = 0 < |V — Q4 is OFF

vgs1 = v1 = Vpp > Vi

iptr=0 — wvps1 =0
ipp=0 — wvpse =0
— ip3 =0
— ips =0

Finally, v, = vps1 + vps1 = 0. So, when v; is HIGH and v, is HIGH, the output is LOW.

From the “truth table,” the output of this gate is LOW only if both input states are HIGH.

Therefore, this is a NAND gate.

CMOS NOR Gate

Exercise: Show that this is a NOR gate. v,
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4.5 Exercise Prob

lems

Problems 1 to 4. Find ip (unCow(W/L)y = 11)Cor(W/L), = 04 mA/V2 A =0, V;, =3V

and Vi, = —3 V).

Problem 1

Problem 5. Find Vs (11,Cop(W/L),, = 0.5 mA/V? X =0, and V, = 0.8 V).

-

Problem 2

Problem 3

Problem 4

Problem 6. Consider this PMOS with 4,Co,(W/L), = 0.6 mA/V* X =0, and V;, = =1 V.
A) For what values of Viz, PMOS will be ON?, B) Find the range of V for which PMOS is
in triode (answer in terms of V). C) Find the range of Vp for which PMOS is in saturation
(answer in terms of V). D) If PMOS is in saturation with ip = 75 pA, find Vpy, Vi and
the corresponding range of Vp.

Problem 7. Find ip and vps (uCor(W/L) = 0.4 mA/V? A =0, and V; =3 V).

Problem 8. Find vsg,ip, and vsp (1yCor(W/L), = 0.4 mA/V?* X\ =0, and V,, = =3 V).

™

100 A

~Vss

Problem 5
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Problem 9. Find vgs, ip, and vps (pnCor(W/L), = 0.4 mA/V3 X\ =0, and V;, =3 V).
Problem 10. Find v, for v; =12 V (11,Cor(W/L), = 0.5 mA/V?, A =0, and V;, = —2 V).

Problem 11. Find R such that PMOS is in saturation with Vo = 0.6 V (1,Cop = 1 mA/V?,
(W/L) = 10/0.18, A = 0, and V,, = —0.4 V).

Problem 12. Design the circuit below (i.e., find Rg and Rp) in order to get ip = 0.25 mA
and Vp = 0. (p4nCop = 60 pA/V? W/L =100/3, A =0, and V; =1 V).

15V 2.5V
1k 12V 1.8V Ro
Vi Vp
I v i —,
M oK :

1k F Re

T sy = - — -2.5v
Problem 9 Problem 10 Problem 11 Problem 12

Problem 13. Find Vp (1nCor(W/L) = 0.5 mA/V?, A =0, and V, = 0.8 V).
Problem 14. Find V; and V5 (11,Coe(W/L) =5 mA/V2 A =0, and V, =1 V).

Problem 15. Find ip and vpg for A) ignoring channel-width modulation (A = 0) and B)
including channel-width modulation (A = 0.05 V~!). NMOS has p,Co(W/L) = 1 mA/V?
and V;, =04 V.

Problem 16. Show that this circuit is a NOR gate with a LOW state of 0.2 V and a HIGH
state of 12 V (1, Cor(W/L),, = 0.5 mA/V?, V, =1 V).

L Q2
12V
vV,
5v 1.8V
10k
S e : !
Vo L V, Vo
- 1V V2 Vl
Q2 Q1
= 2.5V - = =
Problem 13 Problem 14 Problem 15 Problem 16
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Problem 17. Show that this is a three-input NOR gate.

Problem 18. Show that this is a three-input NAND gate.

Vi
:l';_T 06
— Q6 —1 Q5 —lli Q4
Vo
=|i Q5 ‘ Vo

V3

= ili Q4 =|: Q3
E [ e
L Q1 Q2 —|l: Q3 v
| N
Problem 17 Problem 18
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4.6 Solution to Selected Exercise Problems

Problem 1. Find ip (unCor(W/L)p = 11,Cor(W/L), = 0.4 mA/V?, X\ =0, V;, =3 V and
Viy = —3 V).

This is a NMOS transistor with vgg =4 V and vpg = 10 V.

-

Vov=Vas —Vin=1V Vor >0 — MOSis ON
vps =10 > Voy =1V —  MOS is in saturation

ip = 0.5un,Cor(W/L), V5, = 0.5 x 0.4 x 1073(1)®> = 0.2 mA

Problem 2. Find ip (p,Cor(W/L)p = 11,Cou(W/L), = 0.4 mA/V?, X\ =0, V;, = 3 V and
Vip=—3V).

&

This is a PMOS transistor with vgg = —1 V and vgp =5 V.

Vov =Vsg — |Vip| = =4V
Vor <0 — MOSisOFF — ip=0

Note vgp = vsg +vgp = —1+5=+4 V.

Problem 3. Find ip (unCor(W/L)p = 11,Cor(W/L), = 0.4 mA/V?, X\ =0, V;, =3 V and

Vip=—3V).
This is a PMOS transistor with vgg =5 V and vgp =6 V. s
—
Vov = Vsag — H/;p‘ =2V Vor >0 — MOSis ON 6v

Vsp = Vsg +vgp =5 — (—6) =11V
vgp =11 >Voyr =2V —  MOS is in saturation

ip = 0.511,Cor(W/L), V5, = 0.5 x 0.4 x 107%(2)> = 0.8 mA
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Problem 4. Find ip (p,Cor(W/L)p = 11,Coe(W/L), = 0.4 mA/V?, X\ =0, V;, = 3 V and
th = -3 V)'

This is a NMOS transistor with vgg =4 V and vpg =1 V.
Vov=Vsg—V;, =1V Vor >0 — MOSis ON R

Since vps = 1 = Voy = 1 V, NMOS is at the boundary of saturation and triode modes
(“edge of saturation”). We can use either formulas for ip. Saturation is simpler:

ip = 0.5unCor(W/L), V3, =0.5x 0.4 x 1073(1)®> = 0.2 mA

Problem 5. Find Vs (11,Cop(W/L),, = 0.5 mA/V? X =0, and V;, = 0.8 V).

1A%

Since ip = 10 A, NMOS should be ON. Assume NMOS in saturation:

ip = 0.5unCor(W/L), V5, E Vs
10x10°=05x05%x107%V5, — Vor=02V 104A
vas =Vov + Vi =1V “Vss

vas =V —Veg=0—-Vg - Veg=-1V
’UD5:VD—VS:7—(—1):8V

Since vpg = 8 > Vo = 0.2 V, assume of MOS in saturation is correct and Vg = —1 V.

Problem 6. Consider this PMOS with p,Co(W/L), = 0.6 mA/V? A =0, and V;, = -1 V.
A) For what values of Vz, PMOS will be ON?, B) Find the range of Vp for which PMOS is
in triode (answer in terms of V). C) Find the range of Vp for which PMOS is in saturation
(answer in terms of V). D) If PMOS is in saturation with ip = 75 pA, find Voy, Vi and
the corresponding range of Vp.

Note: vVsg — 5 — V(;, Vsp = 5 — VD, and VOV = VsGg — |‘/;5p| =4 — V(;I v

Part A: For PMOS to be ON: o

Vb

Vovzo — 4—VGzO — Vggllv
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Part B: For PMOS to be in triode:

vsp < Vov

5—-Vp<4—Vg — Vp>2Vg+1

Part C: For PMOS to be in saturation:

vsp > Vov

5—-Vp>4—-—Vg — Vp<Vg+1

Part D:

75 x 107% = ip = 0.50,Con(W/L), V5, =05 x 0.6 x 107°V3, — Vor =05V
Vsg = VOV + |‘/;fp| =15V
vsg=5—-Vg=15V — Va=35V

and from the result of part C, we get Vp < Vg +1=4.5V.

Problem 7. Find ip and vps (uCor(W/L) = 0.4 mA/V?3 A =0, and V; =3 V).

10V
GS-KVL: T7=wvgs+10%p =Voy +Vi+10%p, — 4=Vor +10%p, v

DS-KVL: 10 = vps + 10%p
1k
Obviously, NMOS cannot be in cut-off because if ip = 0, GS-KVL gives

Vov =4 > 0. Assume NMOS in saturation: =

ip = 0.51,Cor(W/L), V3
GS-KVL:  4="Voy +10° x 0.5 x 0.4 x 107°V{3,
02V3 +Voy —4=0 — Voy=-762V and Voy =262V

Negative root is unphysical (we need Vo > 0). Thus, Vo = 2.62 V (vgs = 5.62 V) and

GS-KVL:  4=Vyy +10%p, — ip=1.38mA
DS-KVL:  10=wvps+10%p — wvpg=8.62V

Since vpg = 8.62 > Vpy = 2.62 V, our assumption of NMOS in saturation is justified.
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Problem 8. Find vsg,ip, and vsp (11yCor(W/L), = 0.4 mA/V? X\ =0, and V;, = =3 V).

Since ig = 0, the two 1 M(Q resistors form a voltage divider and p 2
Ve =20 x (10%)/(10°% 4 10%) = 10 V.
1k

SG-KVL: 20 =10%p + vsg + Vo = 10%p + Vov + |Vip| + Vo
— 20-3—-10=7= Vpy + 10%p
SD-KVL: 20 = 10%p 4+ vgp + 10%p = vgp + 2 x 10%ip

1k

Obviously, PMOS cannot be in cut-off because if ip = 0, SG-KVL gives
Vovy = 7 > 0. Assume PMOS in saturation: =
ip = 0.51,Cor(W/L), V5
GS-KVL: 7= Voy +10° x 0.5 x 0.4 x 107°V}3,,

02V2, +Voyr —7=0 — Voyr=-892V and Voy =392V
Negative root is unphysical (we need Vo > 0). Thus, Voy = 3.92 V (vsg = 6.92 V) and

SG-KVL:  7=Voy +10%p, — ip=3.08mA
SD-KVL:  20=wgp +2x 10%p, — wgp =138V

Sine vgp = 13.8 > Vo = 3.92 V, our assumption of PMOS in saturation is justified.

Problem 9. Find vgs, ip, and vps (pnCor(W/L), = 0.4 mA/VZ X\ =0, and V;, =3 V).

15V
GS-KVL: 15 = 10%p + vgs + 10%q = 10%ip + Vo + Vi + 0
1k
— 12 =Vpoy + 10%p
DS-KVL: 15 =10%p + vps + 10%ip — 15 I,

—  30=2x10%p + vpg

1k
NMOS cannot be in cut-off because if ip = 0, GS-KVL gives ey
Vov = 12 > 0. Assume NMOS in saturation:

ip = O~5ﬂnCox(W/L)nVOzV
GS-KVL: 12 =Voy +10° x 0.5 x 0.4 x 107°V3,,

02V2, +Vor —12=0 — Voyr=-1064V and Vo, =564V
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Negative root is unphysical (we need Vpy > 0). Thus, Vo = 5.64 V (vgs = 8.64 V) and

GS-KVL: 12=Vpoy +10%p, — ip=6.36 mA
DS-KVL: 30=uvps+2x10%, — wpg=1728V

Sine vpg = 17.28 > Vi = 5.64, our assumption of NMOS in saturation is justified.

Problem 10. Find v, for v; =12 V (11,Cor(W/L), = 0.5 mA/V?, X =0, and V;, = —2 V).

12v
USG:12—0:12V v

Vovzvsg—l‘/tp‘:12—2:1ov Vo

Since Vo > 0, assume PMOS in saturation:

ip = 0.511,Cor(W/L), V3, = 0.5 x 0.5 x 107% x (10)* = 25 mA
DS-KVL: 12=wgp+2x10%p, — wgp=-38V

Since vgp = —38 < Vo, PMOS is NOT in saturation. Assume PMOS in triode:

ip = O'5MPCO:B(W/L)I)(2USDVOV - U,%‘D)
DS-KVL: 12 =wvgp +2 x 10%p = vgp +2 x 10° x 0.5 x 0.5 x 1072 x (20vgp — vZ})
- 0.5vi, —1lvgp+12=0 — wsp =208V and wvsp =115V

vsp = 20.8 V is unphysical (vgp > Voy = 10 V). Thus, v, = vgp = 1.15 V.

Problem 11. Find R such that PMOS is in saturation with Vo = 0.6 V (1,Coq
0.1 mA/V2, (W/L) = 10/0.18, A = 0, and V;, = —0.4 V).

1.8V
ip = 0.51,Cop(W/L)V5, = 0.5 x 107 x (10/0.18) x (0.6)* = 10 mA
R
SG-KVL: 1.8 = Rip +vsg = 10 x 107°R + Voy + V4|
1.8=001R+06+04 — R=800% F

SD-KVL: 18=Rip+vsp — wvsp=1>Vy,=0.6V, in saturation
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Problem 12. Design the circuit below (i.e., find Rg and Rp) in order to get ip = 0.25 mA
and Vp = 0. (jnCly = 60 uA/V2, W/L =100/3, A\ =0, and V; = 1 V).

2.5V
Since ip > 0, NMOS is ON. Assume saturation:
Rp
ip = 0.50,Cor(W/L)V3, Vo
Vg
0.25 x 107° = 0.5 x 60 x 107%(100/3)V3,, — Voy =05V [”li
= VS
UG5:V0v+‘/15:0.5+1:1.5V R
vas=Vog—Ve=0-Vy — Veg=-15YV
-2.5V
Ups — VD — VS =0- (—1.5) =15V
Since vps = 1.5 >V, =1 V, assumption of NMOS in saturation is justified.
GS-KVL:  0=wgs + Rsip —25=15+025x10°Rg —25 — Rg=40k
DS-KVL:  25=Rpip+Vp=025x10°Rp+0 — Rp=10k
Problem 13. Find Vp (1nCor(W/L) = 0.5 mA/V?, X =0, and V;, = 0.8 V).
Since the gate is connected to the drain, vpg = vgg. This leads to vpg = o
vas > vas — Vi; = Voy. Thus, this transistor is always in saturation. This 1k
configuration is called a diode-connected transistor. Vo

Proceed to the solution with vpg = vas = Vov + Vi:

ip = 0.50,Cor(W/L)V5y
DS-KVL 5 =10%p + vps = 10* x 0.5 x 0.5 x 107°V3,, + Vor + 0.8
025V2, +Voy —42=0 — Voy=-656V and Vo, =256V

Negative root is unphysical (we need Voy > 0). Thus, Voy = 2.56 V and Vp = vpg = vgs =
Vov +V,=3.36 V.
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Problem 14. Find V; and V, (11,Cop(W/L) =5 mA/V2 X =0, and V; =1 V).

2.5V
By KCL: ip; = ips = ip. Assume both in saturation L o
Vi
ip =ip1 = 0.50,Cor(W/L)Vi4 o
GS1-KVL: 0= Vgg1 + 10%p — 2.5 f 2
0="Voy1 +1+10°(0.5 x 5 x 107°V3,,,) — 2.5 1K
2.5V, + Vovi —1.5=0 25V

— VOVl =—10V and VOV =0.60V

Negative root is unphysical (we need Vo > 0). Thus, Vo1 = 0.6 V (vgs1 = 1.6 V).

Since ip; = ipse, transistors have the same p,,C,,(W/L), and are both in saturation, Vpyo =
VOVl = 0.6 V and VGgs2 — Vgs1 — 1.6V

vgs1=Ve1 = Va1 =0-Vs1 — Vo=Vg =—vgs1 =—-16V
Vase = Voo — Voo =20 —-Vsy — Vi=Ve=25—-155 =090V
vps1 =Vp1 — Va1 =V1 = V5 =090 — (-1.6) =25V

Ups2 = Vpa — Vg =25-V;=25-090=1.6V

Since Vo1 = Vove = 0.6 > 0 and Vpg; = 2.5 > Vo1 = 0.6 as well as Vpge = 1.6 > Vpyo =
0.6, our assumption of both MOS in saturation is justified,.

Problem 15. Find ip and vpg for A) ignoring channel-width modulation (A = 0) and B)
including channel-width modulation (A = 0.05 V~!). NMOS has p,Co(W/L) = 1 mA/V?
and V;, =04 V.

1.8v

Part A: A=0

ip = 0.5unCor(W/L), V3, = 0.5 x 1073(0.6)% = 0.180 mA v
DS-KVL:  18=5x10%p+vps — wvps=090V

Since vps = 0.9 > Vo = 0.6 V, assumption of NMOS in saturation is justified.
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Part B: A\ =0.05 V!

ip = 0.5, Cor(W/L), Va1 (1 + Avpg) = 0.180 x 1073(1 + 0.05vpy)
DS-KVL: 1.8 =5 x 10%ip + vpg

1.8 =0.9(1+0.05vps) +vps — wvps=0.86V

ip = 0.180 x 107°(1 + 0.05vpg) = 0.188 mA

Note that by ignoring channel width modulation, the relative error in ¢p and vpg is = Avpg
(for this problem, Avpgs = 0.05 x 0.90 = 4.5%).

Problem 16. Show that this circuit is a NOR gate with a LOW state of 0.2 V and a HIGH
state of 12 V (1, Coe(W/L),, = 0.5 mA/V? V, =1 V).

12V
GS-KVL vGgs1 = Vi, VGgs2 = U2 10k
DS-KVL 12 = 10%, + v, I ,
KCL iy = ip1 + i N e 0
Vo = UpsS1 = UDsS2 Q2 Q1

Case 1: v; = vy = 0.2. Since vgg1 = 0.2 < V; =1 and vggs = 0.2 < V; = 1, both transistors
are in cut-off: ipy =ips = 0. Then, i1 = ip; + ips = 0 and from DS-KVL, v, =12 V.

So, When v; = 0.2 (LOW) and v, = 0.2 (LOW), Q1 and Q2 are OFF and v, = 12 V (HIGH).

Case 2: v1 = 0.2,v3 = 12 V. Since vgs1 = 0.2 < V; = 1, Q1 is in cut-off and ip; = 0. Since
vgse = 12 >V, = 1, Q2 is not in cut-off. Assume Q2 is in saturation (Voyo = vgse — Vi =
11 V). Then:

ipg = 0.5, Coe(W/L), Vi = 0.5 x 0.5 x 107%(11)? = 30 mA
Upsa = Vo = 12 — 10 (ipg +ipy) = —288 V

Since vpga = —288 < voy2 = 11 V, Q2 is not in saturation. Assume Q2 is in triode:

’iDQ = 0.5,uncox(W/L)n(2UDSQVOV2 — U2DS2> =0.25 x 1073(221)[)52 — U%)SQ)
12 =10%py +vpsa  — 12 = 2.5[220pgs — Vhgs) + Upso

—25036, + 56Upsz — 12 =0 — Vpg =222V and Vpgy =022V
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First root is not physical (vpge = 22.2 > Voyo = 11 V). vpge = 0.2 V is correct as
vps2 = 0.22 < Vpy = 11 V (our assumption of Q2 in triode is justified).

So, when v; = 0.2 (LOW) and v, = 12 V (HIGH), Q1 is OFF, Q2 is in triode and v, = 0.2 V
(LOW).

Case 3: v1 = 12,99 = 0.2 V. This is similar to case 2. By symmetry:

When v; = 12 V (HIGH) and v, = 0.2 (LOW), Q1 is in triode, Q2 is OFF, and v, = 0.2 V
(LOW).

Case 4: v1 = 12,09 =12 V. Since vgs1 = 12 > V; = 1, and vgss = 12 > V, = 1, both
transistors are ON (Vo1 = Voyo = 11 V). Since the two transistors are identical, vgs1 = vas2

and vpg; = vpge, both are in the same state and ip; = ips = 0.5i; (we only need to analyze
one of them). Assume both transistors are in triode:

iDl = iDQ = 0-5Mncox(W/L)n[2UD52VOV2 — "012352] = 025 X 10_3[22UDS2 — "UzDsg]
12 = 10*(2ips) + vps2 — 12 = 5[22upgs — V5 ey + Ups2

503+ 121upga — 12 =0 — Vpge =221V and Vpg=0.11V

First root is not physical (vpge = 22.1 > Voyy = 11). vpge = 0.11 V is correct as vpge =
0.11 < vgse — V; = 12— 1 = 11 (our assumption of Q2 in triode is justified). By KVL:
Vo = Ups1 — Ups2 = 0.11 V.

So, When vy = 12 V (HIGH) and v, = 12 V (HIGH), Q1 and Q2 are in triode and v, = 0.1 V
(LOW).

Since the output is HIGH only when both inputs are LOW, this is NOR gate.
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