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Outline of Course

1. Introduction

MOS CAPACITOR MOS TRANSISTOR

2. I: Field Effect 6. I: Overview
3. 1l: CV Curves 7. lI: More Details
4. llIl: Band Diagrams 8. llIl: Band Diagrams
5. IV: Threshold Voltage 9. IV: Subthreshold Currents
10. V: Nonvolatile Floating
Gate

11. Digging Deeper
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Operating Regions of MOS Capacitor

Veare > Ves
Veare < Ves Veare = Ves Veare < Vru Veare >V
1 1 1 1
-Q 0 +Q +Q
+Q 0 -Q -Q
I T T I
0 0 0 0

* Flat band voltage, Vg, and Threshold Voltage, V,,
depend on gate material, semiconductor and doping.

* V4 also depends on oxide thickness
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The Mobile Charges That Can Carry A
Current Are Only Created Above Threshold

Semiconductor « Need MOBILE
Surface Charge charges to have a
current

Mobile

Electrons » Up to threshold

voltage charges are
IMMOBILE ions
Immobile

Charged lons « Above threshold
virtually all of the
additional charges
are mobile electrons

Threshold Gate
Voltage Voltage
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Differential C Above Threshold (Vg >Vy,)
Low Frequency (< 100 Hz)

| Low Frequency (<100 Hz) ‘ Cror/Cox

v
- P | Low
Frequency
Flaty
Bandy, High

02 Threshiold _ _Frequepcy

Gate Voltage (V)

« Semiconductor charges that change due to V; changes are
minority carrier electrons in surface inversion layer
— Generation/recombination can follow gate voltage changes
« Depletion layer essentially does not changed
- C

e
1ce

F 1ce ~ oxide caf
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The Region of Very High Electron Density
Is A Very Narrow Surface “Channel”

| n Type [ p Type |
Bulk
103
electrons/cm?

1010

10"7
holes/cm 3

(NA=10"7)
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Threshold Voltage Interface State Produced By Missing
Depends on Doping and Gate Material Electron In Atom At Silicon Surface
+3 : . Missing * Interface states result from dangling
_ T,,=100 A | Valance §lllcon bonds at silicon/oxide
% .--| P*poly /n channel Electron interface
4 RSP EEEELA T — H anneal used during processing to
§ 0 n+ poly / n channel l reduce number of dangling bonds
o L Sl
% \ p+ poly / p channel e} e} + Charge depends on gate voltage
£ r 3 n+ poly / p channel O O — Charge can be -1, 0 or +1
3 . . . (“amphoteric”)
1o ) s 107 00 — For pMOS in inversion the net
Substrate Doping (cm) charge is + (“acceptor like” states)

Threshold Voltage curves for Al gates are close to those for n+ L .
Polysilicon gates — For nMOS in inversion the net

change is — (“donor like” states)
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Top View of n Channel MOS Transistor Physical Explanation of I/V Curves
Initially, Increasing Vp At Higher V,, The Speed
A ; Increases Speed
Isolation (“Field”) Across Channel thus and Current Saturate
Thick Oxide, Heavy p Substrate Doping Implant Increasing Current
Ty S Source
- to Increasing Vg
. . Above
"
Lt Drain 3V Threshold
o Channel Current P Th
-_- Length L. Increases e
" Determined Numbgr of
& By Gate 2V Mobile
-.--.--.--.--.--.--.--.--.- . Width (Wpoyy) Charges in the
i Drain FoLy Channel Thus
(Counterdoped n+ type) Increasing
1\ Current
R L LR L L L L LA LA LA LA LA LA LA Lo
- > Ve =0
Channel Width, W, Determined By The Length of Drain Voltage
the Gate over the Thin Oxide Region (Lpo,y) 9
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Estimating Currents: There’s a Problem With The MOS Capacitor:
High Vj, (>Vpsa7) - Saturation Region It’s Too Slow (<100 Hz)
+  Above threshold, behaves like a simple High Frequency Cror/Cox
capacitor ’\I Bccumulation Depletion, Inversion
= Qcy~WCox (Vo-Vru)/2 «/\ ™
WerVe n Low
o °”PSAT . Average field across the channel — Frequency
— Ecu~ Vosar/L~(Va-Vru)/L ;«I:E\\j ‘ High
3 “1 NThreshold _~_Frequepcy
* Velocity b Djel’? g 0 7 7 ]
epletion
o = Ven~ M Ecy ~ B(Ve-Vry) IL P Gate Voltage (V)
¢ Current
— lpsar ~ VenQen ~ (MCoxW/2L)(V-Vrn)2 + Generation/recombination too slow to follow V changes in
inversion
+  Current “saturates” for Vp > Vpgar - Cannot form and remove inversion layer fast enough
~ Increases as square of (Vg-Vry)  Leads to difference between high and low freq. CV
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Band Diagram of Channel: Case C: Source Grounded, Drain=+V,
3:Vg>Vyyand Vi >0 and Gate > Vi echoia
n+ Source  p Substrate n+ Drain |
N e Yo=0&Y,"0 [ I I
n* p n*
Y 1. Gate Voltage bends bands

T/ down in the p substrate forming
: Gate an inversion channel of electrons
n+ Source n Channel n+ Drain 2. Drain Vol id
h V>V &Vp=0 v | . Drain o tage provi les a
G reverse bias relative to the
===l ------==== substrate
3. Fermi level in drain is Vg
below the Fermi level in source
4. Channels also bend down
along surface from source to
drain
5. Bands bend more sharply near
the drain depletion region at the

-Positive drain to source voltage
creates electric field in channel
-Drift current of electrons from

—_— S—
Vo>V &Vp >0
——-—\_l v,

Electron Quasi-

grounded source to + drain ! surface
Fermi Level
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The Source/Substrate and Substrate/Drain Physics Fundamentally Limits How Fast The Current
Junctions Cause Subthreshold Leakage Can Be Reduced In the Subthreshold Region
Source Gate=0V' Drain, Vps 1.00E-02
1.00E-03 Vp=01V
1o (A) 1 g0e.04 « At room temperature we have to
1.00E-05 / reduce the gate voltage by at least 60
G0) 1.00E-06 / mV to reduce the current by 1/10
1
Substrat 1.00E-07
/o substune toe0s /' . Callthis the subthreshold slope, S >=
) / 60mV/decade
Zero Biased Junction Reversed Biased Junction 1.00E-09 Note this is 1/s] £ th
HIGHER electron LOWER electron 1.00E-10 1 - d° e this Is 1/slope of the curve
concentration on substrate concentration on substrate 1.00E-11 / rawn
side of junction side of junction 1.00E-12 !
7Y ) ’ / * Leads to a minimum amount of
| 100813 l’ leakage current & standby power
1.00E-14
Difference in electron concentrations leads to diffusion current from 03 0 03 09 15 24 27
3 3 source {o drain . Ve (V) After Keshavarvi, Roy & Hawkins
However, this current is only significant when gate is below threshold
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Programming and Erasing A Floating Gate The Best and Most Affordable
Transistor Requires Large Voltages Semiconductor Training
PROGRAMMING ERASING Choose Choose Choose One Course
ADDING Electrons to Floating Gate REMOVING Electrons From FG Format Level Or Integrated Curriculum

+20V [ In Person ] [ Non-Tech ] Micro Opto
| I [ | Electronics Electronics
NAND Dr.

Fowler gy ov 20V ([ Live Webinar_] [__Beginner Tech ] 5V Reliabiity
Nordheim QO
. D e Narrated E Intermediate ory
Tunneling SIolo) [ Learning on DVD ] [ i ] ology
+10V ) ) e
NorR I Get Low Cost and High Quality Training
Hot
Electron oV oooe] 45 NAND and NOR
Injection 5 o g More Information, Prices, ... quickstartmicro.com
Or Dr. Ted Dellin, 1-505-401-8707
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