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ecture Outline

o Review: MOS Capacitors Regions

o« MOS Capacitors (3.8 - 3.9)
- CV Curve
- Threshold Voltage

o MOS Transistors (4.1 — 4.3):
- Overview
— Cross-section and layout
— I-V Curve
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MOS Capacitor

I Oxide (SiO,)
/ £, =3.9¢,
Gate (n* poly) 5 Very Thin!
[ -
Body (p-type substrate)
£, =117¢,

|

« MOS= Metal Oxide Silicon

« Sandwich of conductors separated by an insulator

o “Metal” is more commonly aheavily doped polysilicon
layer n* or p* layer

e NMOS - p-type substrate, PMOS - n-type substrate
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Accumulation: Vgg < Vg

Prof. A. Niknejad

Qs = Cox(VGB - FB)

Vee <Vee ®

o Essentially aparalle plate capacitor
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o Capacitance is determined by oxide thickness: ;
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Depletion: V<V g < V.

P(X) 4
| Qs Vee) = Qs t), ‘
Ves >VFB(J£) FE AR E kA l — : >
Body (p-type substrate) +
AX),
QB = _qNaXd (\/GB) 4 : g

« Positive charge on gate terminates on negative charge:sE In
depletion region

o Potential drop across the oxide and depletion region

o Charge has a square-root dependence on applied bias
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Inversion
X A A
" P(X)
| / t()X o Xdep‘
Ves = Vr CJ"r) ALIEE AT '_T';J‘r'}, ) | "
P | i i |
Body (p-type substrate) v
ﬂX) i A
a0,
n,=ne< =N,

o Thesurface potential increases to a point where the electron
density at the surface equals the background ion density

o At thispoint, the depletion region stops growing and the
extra charge is provided by the inversion charge at surface
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Threshold Voltage

o Thethreshold voltage is defined as the gate-body voltage
that causes the surface to change from p-type to n-type

 For this condition, the surface potential has to equal the
negative of the p-type potential

- !
« Apply KCL around loop: Ve Ve m—
VGS :VFB +Vox +VBS \J; S Vo
@ =Vgs =24 - |
Vox = ontox = &tox Es
€ ox =
E = AN Xy _aN, | 2& 0 = 20N, (-2¢,)
> £, e \gN, £,

1
VTn :VFB _2¢p +C_\/2q£SNa(_2¢p)
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Inversion Stops Depletion

o A simple approximation isto assume that once
Inversion happens, the depletion region stops
growing

o Thisisagood assumption since the inversion
charge is an exponential function of the surface
potential

o Under this condition:

QG (\/Tn) ~ _QB,max
|
QG (\/GB) = Cox (\/GB _VTn) _QB,max
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Q-V. Curve for MOS Capacitor

o |Inaccumulation, the charge is ssmply proportional
to the applies gate-body bias

e INninversion, the sameistrue

« Indepletion, the charge grows dower since the
voltage is applied over a depletion region
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Numerical Example

o MOS Capacitor with p-type substrate:

t_ =20nm N, =5x10°cm™
o Calculate flat-band:
Vs = (@, — @) = (550 —( -402)) = -0.95V

o Calculate threshold voltage:

c = %o - 3.45x10F/cm
¥t 2x10°cm

10),4

1
VTn :VFB _2¢p +C_\/2qgsNa(_2¢p)

-19 =12 6
V., = -95-2(-0.4) +\/2><1.6><1O ><1.04210 x5 x10° x2 x0.4 _0.52V

(0),4
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Num Example: Electric Field in Oxide

o Apply agate-to-body voltage:

V,, = 25<V.,

o Devicelisin accumulation
o Theentirevoltage drop is across the oxide:

V.. +@. - _ _
on:V"X _Vest@. — @ _ 2.5+0.55_6(—0.4) - a0 Y
t t 2%x10 cm

10),4 OX

o Thechargein the substrate (body) consist of holes:

Q. =—C_ (Vg V) =2.67 x10™'Clecm?
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Numerical Example: Depletion Region

o Ininversion, what's the depletion region width and
charge?

Verk R —@=—@-@==2 p=08V

V. :i(qNanZ

B, max d,max
2\ &,

ngVB max
Xy max = — =144nm
) qNa

Qs max = ~ON, Xy max = —1.15 107" C/lem®
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MQOS CV Curve

o Small-signal capacitance is slope of Q-V curve

o Capacitanceislinear in accumulation and inversion
o Capacitance is depletion region is smallest

o Capacitance is non-linear in depletion
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C-V. Curve Equivalent Circuits

—— C,
—— C,, — Gy
——C,,
Cdep = £s = CdepCOX — Cox — Cox
Xdep Cdep + Cox 4 Zdep Cdep 1+ & t
Cox Xdep

« In accumulation mode the capacitance isjust due to the
voltage drop acrosst,,

o Ininversion the incremental charge comes from the
Inversion layer (depletion region stops growing).

o Indepletion region, the voltage drop is across the oxide and
the depletion region
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MOSFET Cross Section

gate
body source I drain

‘ [ I diffusion regions

p¥ d LL—»‘ L

p-type substrate

o Add two junctions around M OS capacitor

o Theregionsforms PN junctions with substrate

o MOSFET isafour terminal device

o Thebody isusualy grounded (or at a DC potential)
o For ICs, the body contact is at surface
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MOSFET Layout

I
contact x,— P gate
G B S G D
B S I D \g A
[ 1 | N X
W 8 | X X E|w
p-type substrate X X X !
L

o Planar process. complete structure can be specified

oy a 2D layout

o Design engineer can control the transistor width W
and L

» Process engineer controlst,,, N,, X, €tc.
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PMOS & NMOS

G G
B S I D B S I D
| [ 1 [
- e, | x b B, |
p-type substrate n-type substrate
NMOS PMOS

o A MOSFET by any other nameis still aMOSFET:
- NMOS, PMOS, nMOS, pMOS
- NFET, PFET
- IGFET
— Other flavors: JFET, MESFET

o« CMOStechnology: The ability to fabricated
NMOS and PM OS devices s multaneously
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CMOS

» ﬁ!ﬁ-h

NMOS

p-type substrate

o Complementary MOS. Both P and N type devices

« Create an-type body in a p-type substrate through
compensation. Thisnew regioniscalled a“well”.

o Toisolatethe PMOS from the NMOS, the well must be
reverse biased (pn junction)
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Circuit Symbols

D S

| o
G——8 G{—8

e o

S D

D S

] |
i G-4—B

G—|_I B —<ﬂ|_I

S D

o Thesymbolswith the arrows are typically used in
analog applications

o Thebody contact Is often not shown

o The source/drain can switch depending on how the
deviceis biased (the device has inherent symmetry)
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Observed Behavior: 15-Vgg

A

%éll?_

o Current zero for negative gate voltage

o Current intransistor isvery low until the gate
voltage crosses the threshold voltage of device
(same threshold voltage as M OS capacitor)

o Current increasesrapidly at first and then it finally
reaches a point where it ssmply increases linearly

| g VGS
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Observed Behavior: I15-Vps

o / K

non-linear resistor region

|
“constant” current o l ?VDS

/ Vi = 3V
> 1
VGS? B

— =
fr—

resistor region

Ve =2V

A VDS

o For low values of drain voltage, the deviceislike aresistor

o Asthevoltageisincreases, the resistance behaves non-linearly
and the rate of increase of current slows

o Eventually the current stops growing and remains essentially
constant (current source)
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“Linear” Region Current

VGS >\/Tn —

G
I S—l[ | — V. =100mV

= p+ n+ = I l—'y

p-type :
Inversion layer

NMOS “channel”
o |If the gate isbiased above threshold, the surfaceis
Inverted
o Thisinverted region forms achannel that connects
the drain and gate

o If adrainvoltageis applied positive, electrons will
flow from source to drain
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MOSFET “Linear” Region

o Thecurrent in thischannd isgiven by
s = VW, Q,
o The charge proportiona to the voltage applied

across the oxide over threshold
QN = Cox (\/GS _VTn)

I DS = _VVVyCox (\/GS _VTn)

o |If the channel isuniform density, only drift current

flows ~ V
Vv, = U4, Ey Ey = _%S

W
I DS = Tluncox (VGS _VTn )VDS VGS >VTn VDS ~ 100mv
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MOSEFEET: Variable Resistor

o Noticethat inthelinear region, the current is
proportional to the voltage

W
| s = T HnCox Vas —Vin)Vos

o Can define avoltage-dependent resistor

_Vps _ 1 L) L
Req ) los ) H.Co Vos —Virn) (Wj ) RJ(VGS)W

o Thisisanicevariableresistor, electronically
tunabl el
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