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Device Concept

(illustration from book: Sedra, Smith)
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nMOSFET and pMOSFET cross section

in 'Bulk’ technology

Spelled out: n/p-channel Metal-Oxide-Semiconductor (MOS)
Field-Effect Transistor (FET). Often just referred to as nFET/pFET
or nMOS/pMOS. In the also often used term CMOS the 'C’ stands
for "Complementary’. The 'Metal’ term stems from a time when the
gate was made from metal. Today it's polycrystalline silicon.

The terminals are bulk (B), gate (G), source (S), and drain (D).
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Short Sidetrack: PN-junction

(illustration from book: Carusone, Johns, Martin)
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nMOSFET cross section

in 'Silicon-on-Insulator’ (SOI) technology
Terms: Burried Oxide (BOX), shallow trench insulation (STI).
'Native’ means no doping.
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nMOSFET cross section

(in 'FinFET' technology)

Here the cross section is across the channel, i.e. not along the
channel, so source and drain terminals are not visible, just the gate
(PO). Can be both SOI (shown here) or Bulk (not shown)
technology.
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FET Device Symbols

(as used in the compendium. Other variations exist)
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Transistor Modelling

Mathematical transistor models in the following describe the
relation between the terminal voltages and the drain current
specifically.

Ip =f(Vs, Vs, Vp, VB)

Usually we will define Vg := 0V, and the equation can then be
expressed as

Ip = f(Vs, Vb, Vs)
And as both V¢ and Vp only appear as differences with Vs in the

actual model we will introduce (see EKV model), i.e.
Vs := Vg — Vs and Vps := Vp — Vs, an often preferred form is:

Ip = f(Vgs, Vps, Vs)

and oftentimes it is the case that Vs is kept at Vs = Vg := 0. So
Vs and Vg can then be considered parameters, rather than
variables and the only input variables left are Vg = Vs and
Vp = Vps:

Ip = f(Vg, Vp) = f(Vgs, Vps)



Transistor Model Parameters

We will encounter other internal parameters in those model
functions, either 'process parameters’ that are for example different
in 28nm- or 7nm technology (the ones included in the follwing EKV
model are: p, Cox, Vi, AL, n) or 'design parameters’ that we can

influence when drawing layout (namely the transistor size: W, L) or
physical constants (UT)
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Large signal models of the MOSFET

Large signal models shall be the most complex introduced in this
course, and are applicable for voltages on all terminals anywhere
between the supply rails Vdd and —Vss. (Note: For digital circuits
the reference voltage Gnd := 0V is often identical to Gnd := — Vss.
For analog circuits oftentimes we choose the reference between the
supply rails Vdd < Gnd < — Vss.)

Assuming constant Vg and Vs we can graphically show the
transistor behaviour as the previously mentioned 2D function

Ip = f(Vgs, Vps) and for example show cross sections of that
function by keeping one of the two variables constant and sweeping
the other (see next slides).



MOSFET large signal model snapshots (1/3)

When keeping Vp constant and sweeping Vs (Vs := Vg — Vs):

V=045V and Vp={0.9, 3.3}V
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MOSFET large signal model snapshots (2/3)

When keeping Vp constant and sweeping V¢ with log scale Y-axis:
V=0.45V and Vp={0.9, 3.3}V
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MOSFET large signal model snapshots (3/3)

When keeping V constant and sweeping Vp (Vps := Vp — Vs):

%106 V=045V and Vg={045, 0.6}V
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EKV Model nFET

Ip=If — In
Ip is defined as the current into the drain terminal. The forward
current /¢ in the direction of Ip and the reverse current I in the
opposite direction. For nFETs:

[Ve—Vs(o)] +r- D[V~ Vs()] -V

Irry = IsIn* |1+ e 2nUr (L+A[Vp = Vs)

Only 4 independent parameters: Is, Vi, n, and X. Some of
them are composed of several interdependent parameters:

Is = 2nkU%

and W
k = ox

#Cox

(P.S: do not be intimidated! This full EKV we will never use for
hand calculations.)



EKV Model Parameters

Process parameters (given by specific CMOS production process):
the threshold voltage V4,

the carrier mobility p,

the gate oxide capacitance per area Coy,

the slope factor n (indicates effectiveness of Vg vs Vg, 1 < n <2
and usually n = 1),

M\ to derive the channel length modulation parameter X that is

N =AL= VAA
Design parameters (can be chosen at design time):
channel width W and channel length L

Physical constants:

The thermal voltage (simplifyingly assumed to be constant here)
Ur = ’;—eT A~ 26mV@300°K (k: Boltzmann constant, g.: electron
charge, T: temperature)



Variable Names (1/2)

Vdd:
-Vss:
Gnd:

upper supply voltage

lower supply voltage, voltage of ASIC P- substrate
ambiguous! Either lower supply voltage, mostly in
digital (Gnd:=-Vss), or signal zero reference in
analogue as well as generally in small signal
representation.



Variable Names (2/2)

Ve:

Example of a terminal voltage relative to an arbitrary
global reference, e.g. -Vss, where it appears in an
explicit difference of voltages, e.g. Vg — Vs, OR
terminal voltage relative to Vg where it does not
appear in an explicit difference of voltages.

. example of an abreviation for a difference of two

voltages, here Vgs := Vg — Vs

. defined as Vpy := Vg — Vs — V4, i.e. the voltage by

which Vs exceeds the treshold voltage V4.



EKV Model pFET

For pFETs:

[Vs(o)~Ve]+(-1)[Vs(p) - V] - Ve

Irry = —IsIn® [1+e 207 (1+X|Vp — Vs)

In the following we will assume that |/¢| > |Ig| which is equivalent
to saying that we define the drain and source terminals such that
for nFETs Vps > 0 and for pFETs Vsp > 0.



Effects of Parameter Tweaking: \

%10 7
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r
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A can be tweaked at design time by changing L, i.e. the actual
is 'tweakable' by L and derived

process parameter is LA and A = T
from that parameter. X is generally small and if A\ = 0 the above

curve becomes completely flat in saturation, i.e. an ideal current

source.



Effects of Parameter Tweaking: /s

0 0.5 1 L5 2 0 0.5 1 L5 2

Vas Vps

Is can be tweaked at design time by changing W/L but also
depends on process parameters and Ur.



Effects of Parameter Tweaking: V;

o 0.5 1 13 2 0 0.5 1 L5 2

Vin, Vip cannot be tweaked at design time. They are process
parameters.
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Simplified Equations for specific ROs

Note: in the following we'll define Vg as the zero reference for all
voltages:
VB =0V

So some equations will become simpler.



Regions of operation (1/2)

25 e — 1. weak inversion,
conduction

2. weak inversion,

15 saturation
> . , ! 3. strong inversion,
conduction
031 : 3 | 4. strong inversion,
4Ur —— saturation
0 0.2 0.4 v, 0.6 0.8 1 1.2 1.4 1.6 1.8

Vas
There are simplified equations for 4 different regions. The blue line
separates the conduction (bottom) from the saturation region
(top), the red the weak inversion (left) from the strong inversion
region (right). IMPORTANT: the simplified equations are NO
GOOD close to the separation lines!!!



Regions of operation (2/2)

25 e 1. weak inversion,
conduction

2. weak inversion,

L5 saturation
2 4 . )
. , 3. strong inversion,
conduction
0.5+ -+ . .
3 4. strong inversion,
4Ug —— saturation
0 0.2 0.4 v, 0.6 0.8 1 1.2 1.4 1.6 1.8

Vs
Note that different names for these regions are also used in
literature, for example:
‘linear-/triode-" for ‘conduction’
‘active’ for ‘saturation’
‘above threshold’ for ‘strong inversion’
‘sub-threshold’ for weak ‘inversion’



Distinction Weak- vs Strong Inversion

Weak inversion: §A10° V=045V and Vp={0.9, 3.3}V
N Vot
Ir << ls & Vgs << Vg Z 1
5 Vg
Strong inversion: <, -
3
Ir >>Ils & Vgs >> V4 j o
I Nea(Vas)=Vo
0

(thatys fOI’ nFETS) 0 05 1 15 - 2 25 3 35

Vas



Destinction Conduction vs Saturation

Conduction:

IF =~ Ir & Vps << Vear

Sat rat_on 5 106 V=045V and V={0.45, 0.6}V
uration: ‘ ‘
25 I L Ve=0.6V5Y,
Mps=Vsa(Vas)
If >> Igr & Vps >> Vit ol
1. in weak inversion: |
Vsat = 4UT (le |
05+ 1
constant) r a—— — — Verg s,
. . . 00 0.5 i l.‘5 2 25 3 3.5
2. in strong inversion: Vs

Vsat = VO\/ (le
scaling with Vs!)

(that's for nFETSs)



strong inversion, saturation

1

Ip = 5-kn(Ve — Vin —nVs)* (1 + AVps)
1

= %kn (Vov - (n - 1)\/5)2 (1 + )‘VDS)

Ip vs Vs is a square function where:
Ip < (Vg — nVs — V)3
Ip vs Vps is a linear function where:

ID XX (]. + AVDS)



weak inversion, saturation

Vg—Vin—nVg

Ip = Ise Ut (]. + /\VD5)

Vs —Vt
So for Ip vs Vs the behaviour is exponential (Ip oc e "1 ).

And for Ip vs Vps we get a linear and usually very 'flat’ (i.e. near
ideal current source) relationship (/p o< (1 + AVps)).



strong inversion, conduction

n
Ip = knVps [VG — Vin — E(VD + Vs)}

Ip vs Vs is a linear function.

Ip vs Vps in deep conduction is a linear function where for
Vs = 0 and Vps << Vpy the first order Taylor expansion in Vpg
results in the behaviour of a resistor:

Ip = knVovVps = gps = knVov



weak inversion, conduction

Ve —Vin —Vs —Vp
Ip=1Ise "7 eV —elr

So for Ip vs Vs an exponential law applies, same as in saturation
but with a scaling factor 'reducing’ Is.

For Ip vs Vps close to the origin Vps << Vit (1st order Taylor
expansion around Vps = 0):

Vo V/p Vov 1
Ip = lgemnt — = = lge"T —
D S UT 8Ds S UT

So you can model the behaviour with respect to Vps as a simple

resistor rps = é
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nFET/NMOS and pFET/PMOS cross section

(in 'Bulk’ technology)
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'Parasitic’ Capacitors

Cep = Lov WCox
2
Ces ~ (3 WL + WLov> Cox

Coe = CJAp
2
CSB ~ C_]AS + §WLCChB

If the layout of the S/B terminals are rectangular with a width
equal to the channel width W and constant length Ls/p:

As;p = WLs/p



nFET cross section

(in Silicon on Insulator (SOI) technology)
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nFET cross section

(in FinFET technology)

(W is fixed
< o for FinFETs)
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Approximate FET as linear element at point of operation

e (V.




Taylor expansion at point of operation

/ ol
S 15y DS

ins = Ips(Ves, V 5 2
ips = Ips(Ves, Vps) + VGS*(SVGS DS*(SVDS




FET Taylor expansion equivalent circuit

Ios Q) 1=, T)

DSA> *ids

8ds




Small Signal Parameters(1/2)

gm for strong inversion, saturation:

dlp
m = = \/2k,l
8 dVes D

gm for strong inversion, conduction:

dip
m = = knV,
dVes bs
gm for weak inversion:
dip Ip




Small Signal Parameters(2/2)

rgs in saturation:

o 1 Vy
ds = v~ = 7
Mp Ip
rgs in deep conduction, strong inversion:
1
Ids =
° kVovy
rgs in deep conduction, weak inversion:
1 _Yov
rds e nUr

~ IsUr



Small signal equivalent circuits

Eliminating the point

2oy 0Y of operation (also

B called 'biasing point’)
N . from analysis.
N i‘ .




FET small signal equivalent circuit

Left Ves =0, nght VBS 75 OAN# 1)

g oo
gm gs




FET small signal equivalent circuit variant




Applying small signal analysis

1. Fully determine the point of operation, i.e. all biasing
parameters.

2. Derive small signal parameters (e.g. gm and rys) based on that
point of operation.

3. Replace all circuit elements with their small signal equivalent.

4. Remove all independent/constant current sources and replace
all independent/constant voltage sources with Gnd (i.e. NOT
the current sources that depend on a small signal input such
as the igs = gmVgs).

5. perform a normal Kirchhoff's or Ohm's law analysis of the
circuit.



Small Signal Analysis Example Step 3 & 4

Let's start with steps 3 and 4:




Small Signal Analysis Example Step 1 & 2

For steps 1 and 2
we need the large
signal model!
Where does this
circuit operate as
intended
(amplifier)?
Which are the
regions of operation
for the NFET for
different parts of
the curve?




Small Signal Analysis Example Step 1

Given:

Vdd = 3.3V
Vss :=0V

Vs = Vg =0V

R, =1MQ
Vo = Vdd
= 2
Parameters:

Is = 50nA

Vin = 0.5V
A=0.05% af
n=1

Asked:/g, V}, and A




Small Signal Analysis Example Step 1

V.
Vo = % —1.65V A R, = 1MQ
=
V,
Ig = -2 = 1.65uA (> Is)

RL



Small Signal Analysis Example Step 1

1

Ipzzﬁﬂwrﬁ@—n%fﬂ+AW@
=
/D2n 2
e — VS VARV
kn (L + A\Vps) (Ve = Vin = nVs)
/D2n 2
= (VG — Vin — nVS)
2nllSJ$ (1+AVps)
ID4n2 U%—

_DMET (Ve =V — nVe)?
Is (1+ \Vps) (Ve = Vin = nVs)

Ip

Ve = 20U\ [T 5 AVis)

+ th + nVs



Small Signal Analysis Example Step 1

1.65uA
50nA (1 + 0.05¢ * 1.65V)

Vi =2%26mV + 0.5V

1.65 x 1076A

Vi =2%26%1073V
: 50 + 10~9A (1 + 0.05% « 1.65V)

+ 0.5V

Vi =0.79V



Small Signal Analysis Example Step 2

ISID /50 % 107%A % 1.65 * 10-6A pA
-/ —11.05°2
&m =V 2knlp = \/ 2nUZ 26 % 103V 055

- — 12.12MQ
fas )\ID 0.05v1.65 + 10-5A




Small Signal Analysis Example Step 5

1 1
gmVi + VO(TJS + R7L)
Vo = —gmv;;
’ TR
Vo = —&mVi (ras||RL)
A= ij = —gm (ras||[RL) = _gmmzd:_RLRL

Since rgs >> Ry it follows that (rgs||RL) = Ry, but let's compute
the exact value:

(rds\ | RL) = 0.923MQ

A=10.2



FET HF Small Circuit Equivalent

| oo
|

g —e
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Practical implementation of switches

Regarding transistors as voltage controlled switches.
Question: why is version D) more universally applicable? What's a
potential issue with B) and C)?

A) B) E @)

i L "L
B

E
|
e Se—
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Models for nFET assuming Vs is constant (1/2)

D

D
)
—

S

S

Most common use in digital circuits as switches pulling a signal
low" ('false’, '0", 'L’, using nFET!!l) or 'high’ ("true’, '1", '"H’, using
pFETs!),




Models for nFET assuming Vs is constant (2/2)

D D

'high” and 'low’ on spec-sheets of discreet components is being
defined as voltages close to the supply rails with a certain
tolerance, i.e. a minimum for 'high’ and a maximum for 'low" and
some area of uncertainty in-between. These models here, however,
have only two states and no 'uncertainty’, just a single switching

threshold separating 'H' from 'L’, usually %.



Signal Propagation Delay

Progation delay is the time from the input reaching the switching
threshold to the output reaching the switching threshold.



Approximations for lony and Ropn

1.4

%107

1.2

1E

start

E RON=VD/rds (in conduction) -

ON™

0.8r

o

—

0.6

04r

02F

0

dd.

dd/l 5y

R onn=12-9K2/(WIL)

"Vddr2 Veat™Vou/n

0

0.5

35

With Vs constant the current will follow the Ip vs Vps curve

(drawn out line). Approximations are for the current from Vdd to
VTdd. Exception: Roy = Vp/r4s can be used to model the output
resistance after switching is complete.



Static output resistance after switch

This is so to speak the 'holding power’ of the transistor:

Ron = rds

using the deep conduction approximation for rgs!



lon for transition from Vdd to VTdd

/start + lded
2
Closed form for strong inversion (assuming n =1, A =0 and

Vs = Vg :=0V):
3. V)t
2 vdd) 2

lon

1
lon = Zkvclol2




Propagation delay

Defined as the time from the start of the switching (i.e.

Ve > Vi = %) until the output reaches that same threshold.

VddC,
p —

2/0[\/



Ron pragmatic crude approximation

125

Ron, = —7—kQ
Ly
30
RONP - kaQ



Ron better quantitative approximation

Vdd
Row " Row _
2
3vdd _ |
4Roy OV
3Vdd
Ron =1



Propagation delay

—tp 1

eRonC = —

1
t, = —RonCi |n(§)
t, = 0.69Ron Ct
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Diode Connected Transistor

In strong inversion:

i¢+
1

v I'=Ska(V = Vin)?




Simple Current Mirror

Iin I ‘l' out

rout

()1 FE{__ ()2

S e e s s

When will loye = lin, lout ?é lin: lout = lin, lour = xlin?
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