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(MOSFETYS)
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* 5.1 Device structure and physical operation
* 14.1 CMOS Logic-Gate Circuits

e 5.2 ip — vps characteristics

* 5.3 MOSFET circuit at DC
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5.1 Device structure and
physical operation

 5.1.1 Device structure
— Metal-Oxide-Semiconductor FET-> MOSFET FET?

— Three terminals: source, drain, gate, (substrate)
— Channel region: L (0.03um—1Tum), W (0.05um—100um)

Source (S) Gate (G) Drain (D)
Q

Oxide (Si02)
(thickness =1,,)

Oxide (Si0,)

Channel

D
Source
region region
| ) | G
4 p-type substrate
p-type substrate (Body)
(Body)
Channel
region
Body
S

(B)

Drain region

t
(a) (b)

Figure 5.1 Physical structure of the enhancement-type NMOS transistor: (a) perspective view; (b) cross section. Typically L
=0.03 umto I pm, W= 0.05 um to 100 um, and the thickness of the oxide layer (¢,,) is in the range of 1 to 10 nm.
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 5.1.3 Field-effect transistor (FET)

— Positive gate: repel holes and attract electrons from drain
and source 1nto the channel

— Threshold voltage (V;, 0.3V~1.0V): the value of Vs to
form a conducting channel

— Electric field:

 Positive on the gate and negative in the channel form a field
 The filed determines the channel conductivity and the current flow

through the channel = + [ Gateelectrode ——
- Uss E—
- ; Induced
Sc G n-type © D
Oxide (Si0,) channel
Figure 5.2 The enhancement-type NMOS transistor r &mJ
: . . i < L > ’ 1
with a positive voltage applied to the gate. An n channel \\ : P ~_ : J
B S = B o <
is induced at the top of the substrate beneath the gate.
p-type substrate
1
Depletion region
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. w
* 5.1.4 Asmall vpg: iy = [(1,Cox) () (V65 = Vin) Vs
=>ip = knVoyVps
— Conductance gps = (unCox) () (Wes — Vin)

- k;, = u,,C,,: process transconductance
e U, mobility of the electrons;

e (,,: oxide capacitance

+
Ups (small)

-k, =k, (%) : MOSFET transconducéﬁ:e

- Voy = Vgs — Vin:

Overdrive VOltage - determine Induced n-channel

p-type substrate

the charge of the channel

Figure 5.3 An NMOS transistor with v, >V and with a small v, ; applied. The device acts as a resistance
whose value is determined by v .. Specifically, the channel conductance is proportional to v~V , and thus
i, 1s proportional to (v, —V )v, .. Note that the depletion region is not shown (for simplicity).
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* 5.1.5 vps increased but vpe < Vyy -
ip =ky (%) [(VGS — Vin) — %UDS] Ups =>1p = kn(voV_%vDS)UDS

— Tapered shape channel: deep at source (proportional to V) and
shallow at drain (proportional to Vyy, — vps)

Voltage 4
|
|
|
________________________ 4
Vs 4\ : T
\
v, 1 U6p
\
e S T
(Vov — 2 Upg) ‘
Vo | Ups
-
1 -
- Source 0 / L L Drain *
n-channel Voltage drop 2 Average = Upg
along the channel
p-type substrate @

B
T Channel :E ~a(Voy— Upg)

\
aVyy
= oy i
Source i Drain
|

. . b
Figure 5.5 Operation of the enhancement-type  Figure 5.6 (a) For a MOSFET with vgg = V; + Vy, application of

NMOS  transistor as vpg is increased. The vps causes the voltage drop along the channel to vary linearly, with an
induced channel acquires a tapered shape, and its

resistance increases as vpg 1S increased. Here,

Vs 1s kept constant at a value > Vi; vps =V +
Electronics

1 . .
average value of > Vps at the midpoint. Since vps > V;, the channel

still exists at the drain end. (b) the channel shape corresponding to the
situation in (a). While the depth of the channel at the source end is still

Vov-
proportional to V,y,, that at the drain end is proportional to Vyy, — vpg



* 5.1.6 vpg = Vjyy: channel pinch-off and current

: . 1 1%
saturation, 1, = 5 k{l (T) (VGS—th)Z

s 1 2
=>lp = EanOV

Voltage A

— Current remains constant

V _________________________
GS + : T
V{ 1 Ugp= VF
|
Figure 5.8 Operation of MOSFET with vgg =V, + e —* —————————— e : *
Vov, as vpgs 1s increased to V.. At the drain end, vgp o = L
. ’ | Ups = ’
decreases to V; and the channel depth at the drain end v : 15 =
reduces to zero (pinch-off). At this point, the MOSFET - . 7 o - >
. . Source “ z
enters the saturation mode of operation. Further a Voltage drop 2 Average =;Voy -
increasing vpg (beyond Vpgsqr = Voy ) has no effect on along the channel
the channel shape and i remains constant. : (@) :
I |
| |
I
‘ Channel : _
Source | Drain
|
I
(b)
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 Conclution:

= Vgs < th: cut off

- Ves > V4, channel conducted

o A Small VDs: iD — knvovaS

. . 1
e Vpg Increased: i, = kn(Vov—3VDs)Vps

* Ups = Vpy: channel pinch-off and current saturation

. 1 )
lp = > knvoy

k1’1 = UpCox , kn = k;z T

Figure 5.7 the drain current i versus the
drain-to-source  voltage vpg for an
enhancement-type NMOS transistor operated
with vge = Vi + Vpy.
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ip A

yVov = Vs — Vin

(UDS S I](H_/)

Curve bends because
the channel resistance

increases with vy

Almost a straight line
with slope p:‘upw'linnu\

to |l[.‘-L b

-<— Triode —><€—— Saturation ——>

(Ups 2 Viy)

e

l

|

|

|

[ Current saturates because the
| channel is pinched off at the

| drain end, and ypg no longer

{ affects the channel.
|

|

l

[

:
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« Example 5.1

Consider a process technology for which L = 0.4um, C,, =
_3 F . A-S cm?

10 BW (hint: F = 7),un = 450 T and Vi, = 0.7V,

(a) Find process transconductance k,

(b) For% =
in saturation region with a dc current /,, = 100u4

8um

(@) kn = unCox = 4.32 X 10~ 3—><450—_432><1o 322

1944 X 1077 2 4 _ 1944—

(b) In saturation region, ip = k;l (%

2ip

VOV = —= = 0.32V VGS = Vt + VOV = 1.02V

kn(T)
At the edge of saturation and triode, Vpsmin = Voy = 0.32V

Electronics Dr. XY University of Houston, Clear Lake

Sox — 4.32 x
t

ox

- X 450 x 10~ 4""8

) Vgy (Hint:Voy = Vs — Vin)

, calculate Vyy,, Vi, Vpomin needed to operate the transistor



e 5.1.7 PMOS: P-Channel MOSlj’ET

- Vs¢ = |Vipl + m-!-L!-H_T_
-k, = u,Cyy )

n-type substrate

* U, 1s mobility of the holes

e u, = 0.25u, to 0.5u, ®

E —= iy
G O_I induced p channel

n-type substrate

O
D %B

. . (b)
Figure 5.9 (a) Physical structure of the PMOS transistor. Note that it 1s similar to the NMOS transistor
shown in Fig. 5.1(b) except that all semiconductor regions are reversed in polarity. (b) A negative voltage v

of magnitude greater than v, induces a p channel, and a negative vPS causes a current i? to flow from source

to drain. o
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e Conclusion for PMOS:
- Vs < |Vip|: cut off
- Vs > |V |: channel conducted
 Asmall vgp: ip = kyv,pvsp
* Ugp Increased: i, = kp(vov—évSD)vSD

* Vsp = Vi channel pinch-off and current saturation

. 1 2
lp = Ekpvov N
o

k) = w,Cox , Ky = k!

|1//4
p|\ 7 ) Vov = Vs — [Vip
Go_||i

Figure 5.7 the drain current i versus the

drain-to-source  voltage vgp for an
enhancement-type PMOS transistor operated b
with Vsg = th + Vov. D
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« Example 5.2

For a 0.18-um fabrication process with W = 2um. The process is specified to
have Co, = 8.6, (hint: 1fF = 107'5F, F = 22) ,u,, = 450cm?/V - s,

um?2’

and V;,, = 0.5V.

(a) Find V.5 and V¢ that result in the MOSFET operating at the edge of
saturation with /, = 100uA.

2

um F uA
— 8 -15 _ =~ _

(W 2 L ud
kn = ki | T —387xm—43><10 72

(a) At the edge of saturation, I = %anovz,

1
100 =~ x 4.3 x 10% X V,,2, => Vo, = 0.22V
Thus VDS = VOV = 0.22V and VGS = VOV + th = 0.72V
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« Example 5.2

For a 0.18-um fabrication process with W = 2um. The process is specified to
have Cyy = 8.6 (hint: 1fF = 10715F),u,, = 450cm?/V - s, and Vy, =
0.5V.

(b) If V-5 1s kept constant, find V¢ that resultin /;, = 50uA.

(b) With Vs = 0.72V and I, reduced from the value obtained at the edge of
saturation (Ip = 100uA), the MOSFET will be working in triode region.

In triode region, Ip = k,, (Voy — %VDS)VDS,

50 = 4.3 X 10% X (0.22 — 5 Vps)Vs.
= V25 — 0.44Vp5 + 0.023 = 0

Thus VDS = 0.06V and VDS = 0.39V
If Vps = 0.39V, the transistor is in saturation region, so Vps = 0.06V
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* 5.2.4 Finite output resistance 1n saturation

— Channel-length modulation

* As vpg increases, the channel pinch-off point is moved slightly
away from the drain, toward the source (channel length reduced).

e ip is inversely proportional to channel length, so increases with vp¢

. 1,, (W
- lp = Ekn (T) (Vos—Vin)?(1 + Avps)

o A: device parameter with unit of reciprocal volts (V1)

ip A

e Iy = %, early voltage (J. M. Early discovered )

Triode i —_—

Source Channel Drain

Vov

)
Yo

L AL
|
|
|
|

I N Uy + | 7“%7[/ Ups
; ol
|
|

L

Ups

Figure 5.16 Effect of vps on ip in the saturation region. The
MOSFET parameter V, depends on the process technology and,
for a given process, is proportional to the channel length L.

Figure 5.16 Increasing vps beyond vpgg,e causes
the channel pinch-off point is moved slightly away
from the drain, thus reducing the effective channel
length (by AL).
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* 5.2.5 P-channel MOSFET symbols and

characteristics

1,, (W
I = 2k () Vso—IVep D (1 + |21Vsp)

oo

(a)

Figure 5.19 (a) Circuit symbol for

the p-channel enhancement-type

MOSFET.

Electronics

O W\

G o I o B

o

(b)

Figure 5.19 (b) Modified
symbol with an arrowhead on

the source lead.

Dr. XY University of Houston, Clear Lake
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()

Figure 5.19 (c¢) Simplified circuit
symbol for the case where the

source is connected to the body.



5.2 ip — vps characteristics

e 5.2.1 Circuit symbol

— (a) 1solation (spacing between the vertical lines) and
polarity (arrowhead)

— (b) current from drain to source (c) simplified symbol

D
o)

(a)

Figure 5.11 (a) Circuit symbol
for the mn-channel enhancement-
type MOSFET

Electronics

D
0

P | I

Figure 5.11 (b) Modified circuit symbol
with an arrowhead on the source terminal
to distinguish it from the drain and to
indicate device polarity (i.e., n channel).

D
o]

oo |

(c)

Figure 5.11 (c¢) Simplified circuit
symbol to be used when the source is
connected to the body or when the effect
of the body on device operation is
unimportant
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e 5.2.2 The NMOS ip — vp¢ characteristics

Table 5.1 Regions of Operation of the Enhancement NMOS Transistor
i ! .
DA__ Triode __si.  Saturation
- T Ups<Vov | Ups = Yoy
T}(;D l‘,r) 1 21 W 2 I
$ ' Rl ) vov|-mmmmmme— . Vi
—I — v |
* > s : Ugs = Vin + Vov
UGs T :
|
_ _ ! Cutoff
—— - — i Ugs < Vin
= = = Slope = : ; f
|
8bs = s 0 : >
k(W 7 v
= kﬂ(f]vm, ov DS

Ugs < V,, : no channel; transistor in cutoff; i, = 0

B vy, = V,, +u,y: achannel is induced; transistor operates in the triode region or the saturation region depend-
ing on whether the channel is continuous or pinched off at the drain end;

L

Triode Region
Continuous channel, obtained by:
UGp > Vin
or equivalently:
Then,
4 P (W 1.2
ip = ky (Z ) I:(T"Gs = Vi) Ups — 5”1)5]

or erni\m]ﬂnﬂv

Inp =

=~

s (W 1
n T J\Yov—3ps | Yps

)

Saturation Region

Pinched-off channel, obtained by:

U6p < Vin
or equivalently:
Ups = gy
Then
; 1., (W 2
ip = ikn (Z)(UGS_ Vm)
or equiv alently
o1, (WY 2
ip = §kn 7, | Yov

iD A

AN

L)Vt

L Vi -

Triode I Ups = Vgy
region ‘ Saturation region
n
1
i =
Ups = oy

/
14
L

/

I |
I I
L i

%k,;(%)véw vz

| 1

-

Ugs = Vi + Vova

Ugs = Vi + Vora

Ugs=Vin+ Vo,

Ugs = Vit Von

0 VOVI VOV‘Z VOVB V0V4

&vm < V,, (Cutoff)

Ups

Figure 5.13 The ip — vps characteristics

for an
transistor

enhancement-type

NMOS



P-channel MOSFET symbols and characteristics

Table 5.2 Regions of Operation of the Enhancement PMOS Transistor

] iph<— Triode —_sl<  Saturation —=
Usg " Usp < |vov] : Vs > [Vov|
s — Lagti W w2 Lessomee i ppmm .
S L oy ARG 5
UDU ., ¢ ?;D B i Usg = |th|+ |Tgvtl ff
I uto
: Usg < |th|
Slope = —= !
=10 >
£DS = 7 [vovl Usp
’
= p(%’) lvov|
B |y, < |V,p|: no channel; transistor in cutoff; i, = 0
B oy = |V,p‘ + |vgy| : a channel is induced; transistor operates in the triode region or in the saturation region

depending on whether the channel is continuous or pinched off at the drain end;

Y

Triode Region

Continuous channel, obtained by:

Upg > |V,p|
or equivalently

Then
: (W 12
p, = kp(z)[("sc‘ |V:p|)USD_§USD:|

or equivalently

w

in = k(7

l )
v — AU v
Electronics )(| oVl 2 Ysp |VsD

i)

Saturation Region

Pinched-off channel, obtained by:

Upg S |le|
or equivalently

Usp 2 |U0v|
Then
: l w
i = 3k (7 )(wso Vi)’

or equivalently

ip =

k(1) vov

B =




* Experiment 7

Set up the following circuit with an enhancement nMOSFET
(2N7000). D

* o Vs

TFL
S

&

+ - Vgs —_

Vgs

Do a quick measurement for all cases below.

a) Select VGS = 2.8V
b) Measure I as a function of Vs and graph I — Vpg. Obtain at least five
points in the triode region and three points in the saturation region.

Vhs (V) 0 0110203040506 )|07]08|09 10|11 |12

Ip (Vgs = 2.8V)

ID (VGS - 3OV)

ID (VGS = 32V)




* Experiment 7

Set up the following circuit with an enhancement nMOSFET
(2N7000). D

= |
o
|

|

7 . T Vds
|_
* o Vds

G — PO =

ko Vds

= + V

as
* Vgs —
\Vas

Do a quick measurement for all cases below.

c) Identify the triode and saturation regions in the graph
d) Estimate the threshold voltage, V;
¢) Estimate k,,

Briefly explain and comment your results.
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5.3 MOSFET circuit at DC

* In which mode 1s the transistor operating?
Top-Bottom-Threshold rule (TBT)

— First TBT (GS/SG VS. V,)?
* TB> |V (Vgs > |Vin| for NMOS, Vg > |V | for PMOS) =>
Conducting
 TB < |V;| => Cutoff

— Second TBT (DS/SD VS. Vjy,)?

« TB> VOV (VDS = Vovfor NMOS, VSD = VOV for PMOS) =>

Saturation D S
o]

e TB <Vyy => Triode + +

G
- — Go—| G o
VOV VGS th for NMOS +( = ) li )

VOV = VSG — |th| for PMOS

Electronics - e}
S D




* Analysis procedure
— Find conduction (GS/SG VS. V;: 15t TBT rule)

e If conducting -> assume 1n saturation mode first
e If not conducting, in cutoff

— Proceeds all currents and voltages
— Find saturation (DS/SD VS. V,,: 2" TBT rule)

e In saturation

* If not saturated, in triode mode -> redo the analysis
Another solution to find saturation:

S
D
Vps > Voy =>Vp = Vs > Vg =Vs —Viy) => ‘ + = |4+
Vo > —Vin (Vpg =2 0) . (.
GD—I ) G O—l
D

For PMOS, +( 'I
Vsp > Voy => Vs = Vp > Vs =V — Vi) =>

Vep > —|Vipl (Vgp = 0) >

Electronics Dr. XY University of Houston, Clear Lake



« Example 5.3

Design the circuit: determine the values of R, and Rs so that the transistor
operates at [, = 0.4mA and V, = 0.5V. The NMOS transistor has V; = 0.7V,
U, Coy = 100uA/V?, L = 1um, and W= 32um. Neglect the channel-length
modulation effect (4 = 0).

_25-V, 25-05

Rn = = 5k()
b Ip 0.4

Glancing Vp > V; (Vps > Vi5), so the transistor in saturation.

|14 32 mA Vop=+25V
kn = unCox T = 100 X T = BZW h)l;

R;’)
ID — %anOVZ = 04 — % X 32 X VOVZ = VOV — OSV 0O Vo
VGS — Vt — OSV, thus VG — VS — Vt = 0.5V = VS = —1.2V __-I:_llj.
—1.2V — (=2.57) %

Rs = ; = 3.25kQ l?s

D

Electronics Dr. XY University of Houston, Clear Lake Figure 5.21 Circuit for Example 53



« Example 5.4 (diode-connected transistor)

Find the i — v relationship in terms of the MOSFET parameters
k, =k, (%) and V;,,. Neglect the channel-length modulation
(A =0).

Note that this two-terminal device 1s known as a diode-connected
transistor.

Since V, = V; implies operation in the saturation region.

1 (W 5 09,
Ip = Ekn A (Ves—Vin) *‘lf
So I = %kn(v — Vin)? = .

1

Figure 5.22
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 Example 5.5

Design a circuit (Find Rj) to establish a drain voltage of IV, =
0.1V. What 1s the effective resistance between drain and source at
this operating point (r,5)? Let V,,, = 1V, k, (W /L) = 1mA/V?

Since VDS(O]-V) < VOV (VGS — th =5-1= 4V),
the transistor operates in triode region.

(W 1
ID — kn e VOV - _VDS VDS —_ 1 X (4 - 005) X 01 — 0395mA

L 2
Vop = 3V
A
5V — 0.1V ,
RD = i = 12.4kQ “l Rp
0 1VD s LD
Tps = 1 = 2530 o
D

Electronics Dr. XY University of Houston, Clear Lake Figure 5.23 Circuit for Example 5.5.



« Example 5.6

Analyze the circuit to determine the voltages at all nodes and the currents
through all branches. Let V,,, = 1V, k(W /L) = 1 mA/V*. Neglect the

channel-length modulation effect (1 = 0). Vop = +10°V

1 Rg; = 10 MQ iRD‘f’kQ
VG == EVDD == SV
Since V; = 5V and I is grounded through a 6k(} resistor,
Rgo = 10 MQ Rg= 6 k()
the transistor is turned on. Assume that the transistor operates j

in saturation region. =

VS == ID X 6kQ

1 1
I = 5 Ky W/L) Wes—Ven)? = 5 X 1 X (5 = 6l — 1)?
= 1812 —25I, + 8 = 0

This equation yields two values for I: 0.5mA and 0.89mA

L b) _
Figure 5.24 (a) Circuit for Example 5.6. (b) The circuit with some of the analysis details shown
Electronics Dr. XY University of Houston, Clear Lake



* Example 5.6 Cont.

Analyze the circuit to determine the voltages at all nodes and the currents
through all branches. Let V,,, = 1V, k(W /L) = 1 mA/V*. Neglect the
channel-length modulation effect (1 = 0). Voo = +10 V

R; =1 p= QO
(D IfI, = 0.89mA, Vs = I X 6kQ = 5.34V >V, 0 MO Ro= 6k
doesn’t make physical sense, should cutoff the transistor.

Rgz =10 MO Rg= 6k}

(2) Thus, I, = 0.5mA L L
Ve=Ipx6=3V,V,=10—Ip x6 =7V

Since Vg =5V =3V =2V, Vps =7V =3V =4V 10 MQ
Vps > Vs — Vi, In saturation region.

10 MQ

(b)

Figure 5.24 (a) Circuit for Example 5.6. (b) The

circuit with some of the analysis details shown.
Electronics Dr. XY University of Houston, Clear Lake



 Example 5.7

a) Find R;4, Rz, and R}, so that the transistor operates in saturation with
Ip = 0.5mA, Vy = 3V. Let the PMOS have V;,, = —1V,
k,(W/L) =1mA/V>=.

b) Whatis the largest value that R, can have while the transistor remains in
the saturation mode? Neglect the channel-length modulation effect (4 =

0).

1,, (W
(a) ID = Ekp (?) V0V2 =4 VOV =1V = VSG = VOV + |th| =2V

Thus Vs — Vi =2V = Vi =5V =2V =3V e i
This can be achieved by appropriate selection of A
R;1 = 2MQ, R, = 3MQ Re,

Vp 3
Rp = E =05 6k() -
(b) At the edge, Vsp = Vg — Vp = |Vpy| = 1V . 'g'R—Do Vp=+3\
Vomax = Vs — |Voy| = 4V thus Rpmgx = VD;;lax = 8kQ | __j Ip=0.5 mA

Electronics Dr. XY University of Houston, Clear Lake Figure 5.25 Circuit for Example 5.7.



HWS

e Problems
— PP.294, 5.18 — Current-Voltage Characteristics #1
— PP.297, 5.38 — Current-Voltage Characteristics #2
— PP.299, 5.44 — MOSFET Circuit at DC #1
— PP.299, 5.49 — MOSFET Circuit at DC #2
— PP.300, 5.54 — MOSFET Circuit at DC #3

e Submission requirement:
— Add the cover page!!!
— Print the HW5.pdf out and answer all the questions

« HWS5 Due: TBA (Late assignments: 40% deduction. )

Electronics Dr. XY University of Houston, Clear Lake
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