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Fig. Current-voltage characteristics of a typical Si p-n junction. Applied voltage (V)
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Energy Band Diagram (b) —
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p 5 888 n & At thermal equilibrium, the individual electron and hole curent flowing across
p n O ®®_§) the junctions are identically zero, i.e., J,= 0 and J,= 0.
Acceptor ions (N,°) Dgnor ions (Np*) = 0E/0x =0, i.e., the Fermi level E(x) must be constant.
(ZhaHET) (A HET)
E. E. v & e drift ———»
_______ Ep — <---—---- " diffuse
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Fig. Drift EV N !
(a) Uniformly doped p-type and n-type E; SN Diffusion ' Diffusion 5 E,
semiconductors before the junction P T —e E Drift
is formed. g _
(b) The electric field in the depletion EVN b diffuse S h* drift
region and the energy band diagram Diffusion N E | | g — MUSE vevevverreees >
of a p-n junction in thermal Drift ¥
equilibrium.
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Depletion Region (z=z &)

Depletion
region ¥ Ec ¢ Bias, V:

OOD
p QOO n i E
S — o - = ExCE Voi > Vi =V
E

Acceptor ions (N,°) Donor ions (Np*) Forward bias: V = VF

OOD

V= ’\;_T In (N:;I;IA) —V,In <N31;’A> (ZHHET) (AT 7) Reverse bias: V = -V
i i V
where q=1.6x10"°C; = — ¢ The depletion WIdtf:/W
V, (= kT/q) is called thermal voltage (& ). g y becomes < (V,,~V)”2.
< bi
¢ At300K, kKT=0.0259 ¢V =25.9 meV N
V,=0.0259 V=259 mV x
Drift
Fe Diffusi
1fusion
P [, _
E Fig.
v N (a) In thermal equilbrium.
D sslo >~ E, (b) Forward biased.
s (c) Reverse biased.
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One-Sided Junction (fsgm) v-0 — . v@é‘
&— 7D : n j
& One-sided junction: @ N,-N,
(B PEIE L) Np
N, >Np (or, N,>>N,) | .
=>W=x, (o, W=Xx,) (b) Ol Y w
— [ N,>>N, |
I
_NA |
I
€ I
| W
© 0‘ !
I
I
(a) One-sided abrupt junction (with N, >> Np) ¢ I
in thermal equilibrium. " :
(b) Space charge distribution. |
(c) Electric-field distribution. L4
(d) Potential distribution with distance, where Vib— — - —
V,, is the built-in potential.
Vi
{ x
(d) 0 W
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Metal-Semiconductor Contact (4/&-
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Basic Characteristics

q¢: Work function (3hi1%)
qy : Electron affinity (&5-1-#if177)

-

Vacuum level

Empty

} Partially ﬁ1ledf........_g?nduction band
a9 conduction band..

LV | “Filled valence
—————— == _EC b d
Eg q (¢m -X I T EF Energy gap Eg an
’ i
v Filled valence Semiconductor
Metal Semiconductor band
@ Metal

For n-type semiconductor:

¢ Barrier height (zezz) < eV
Adgen = A%m— qx

+ Built-in potential
Vi = 0gn— Va

<V

Fig. (a) Energy band diagram of an isolated metal adjacent
to an isolated n-type semiconductor. (b) Energy band diagram

in thermal equilibrium. 12, jswu
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(-]
n-type p-type
A9, = A0y - X A%g, = Eg - (q0m - ax)
Barrier height
Q(¢Bn + ¢Bp) = Eg
Built-in potential V= dgn- Vi, Vi = dgp- Vy

p — Type semiconductor

n — Type semiconductor

q0g, aVyio

p — Type semiconductor

n — Type semiconductor

q%p,, th,-_

Energy band diagrams of metal
n-type and p-type
semiconductors under different
biasing conditions:

g0 qv,, (a) thermal equilibrium;
Bn (b) forward bias; and
(c) reverse bias.
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Schottky Contact (g stszE) C,««@“ & Specific contact resistance (5552 ), R Schottky diode Cw"@‘a\;

-1 A
& Schottky barrier: the barrier in the M-S contact with large ¢g and low doping. R. = (ﬁj Q-cm? J
¢ Schottky diode: M-S junction with a Schottky contact. N Jv=o J = J(eVAT_q) p-n diode
¢ Current transport — thermionic emission (#is:4t) of majority carriers. . s
& Contact resistance (J##HEH), R -
-1 -1
a aJ R A\
= - SR
Iy > Iy > T > »«Js > m I > Iy >m & Jv=o N, A

Current transport by the thermionic emission process. E
(a) Thermal equilibrium; (b) forward bias; and (c) reverse bias.

15, jswu

¢ For an M-S Schottky contact, in which the thermionic
emission current dominates, we will have

k qo,
R, = —_exp| 3%
cT QAT Xp(ij

— R normally is large due to the existence of ¢p.
— Barrier height 05 | = R &R

Metal

Semiconductor

16, jswu




Ohmic Contact @itiE)

-

Ohmic E}“@\‘}‘

¢ High doping concentration.

contact . .
¢ Ohmic contact: a M-S contact behaves like a resistor 14 = Very narrow barrier width.
of constant resistance. Schottky = Tunneling (&%) current dominates.
Metal ’ contact
Semiconductor e % \%
¢ The specific contact resistance is
¢ To be a good ohmic contact, the M-S contact needs to
have low R, & R.. . B i C,,, — 4 m g, % | o exp(og, /N DVZ)
. A very low 0y is necessary for a M-S contact in ¢ / N, / N, h n
which thermionic emission dominates current transport.
But, in practice, the barrier height ¢y is usually pinned
at certain values and can not be controlled arbitrarily.
. Seeking the metal materials with very low ¢ to form
ohmic contact is an impractical approach.
¢ The effective approach to form ohmic contact is to use
“tunneling (Z£f%)” instead of “thermionic emission” as
the current transport mechanism.
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Np (cm -3) \s&?
o 100 10 1018 101 A MOS Capacitor
T T T S8 T
- 7 ¢ MOS = Metal-Oxide-Semiconductor (&%)
iR —qg; E On =08V o ¢ The MOS capacitor is very important!
v (PtSi—Si) .
| "= | -- study of semiconductor surfaces.
-- heart of MOSFET (metal-oxide-semiconductor field-effect transistor).
103 . — -- a storage capacitor in IC.
i | -- the basic building block for CCD.
< 10t -
§
| 1+
% 10-1 Theor'y
&~ O 0O Experiment

0.40V

1073

105 —

, V
10 1 2 1

Calculated and measured values
of specific contact resistance.
Upper inset shows the tunneling
process. Lower inset shows
thermionic emission over the low
barrier.
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T

Si

!

(b)

Ohmic contact

Fig. (a) Perspective view of a metal-oxide-semiconductor (MOS) capacitor.
(b) Cross-section of a Si MOS capacitor.
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Qm%a
ldeal MOS Capacitor v@f‘

An ideal MOS is defined as follows:
a) Flat-band condition (7#:ikgE) at V=0, i.e., qdpns = 90, - 905 = 0
b) The only charges which exist under bias are:
- charges in the semiconductor, and
- charges equal but with opposite sign on the metal surface adjacent to the oxide.
c) Infinite oxide resistivity: no carrier transport through the oxide under DC bias.

¥ Vaccum level \
q ¢ : Work function el T
(gD
qy : Electron affinity x ad.
(B TR W gy, l [ ES2
E
i av; ¢
______ e N
Ep A - E
7
v
Metal D p-type
Semiconductor j
Oxide /

Fig. Energy band diagram of an ideal MOS capacitor at V = 0.

Ep % Y ——FE; //p-tyie—g‘
V<0 ptype C ¥ [CZo ST Ef ______ Ey
¥___Ei EF ~5 © o o oLy V>0 /—T_o_ol'
_______ Ep %
P‘ﬂo—b—a—a—aEV F
(a) 25 (b) == (o) 2%
V’-J_.I_I_I.gc E, Ep
________ F
Ne_o o ¢ oF V<0 \'\4_._.:E
V>0| [ n-type E; V<@ -—__-,_--gg A1 Eiﬁ
¥—
E o o “V ¥ i = ¢
s L °ntype E, n-type E,

Fig. Energy-band diagrams for ideal MIS capacitors under different bias, for the conditions
of: (a) accumulation, (b) depletion, and (c) inversion. Top/bottom figures are for p-type/n-type
semiconductor substrates.
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& Threshold voltage (55 &)%) or Turn-on voltage (FE14E ), V1 C}a@gé‘ Si-SiO, MOS Cg«%é‘
= Applied gate voltage V; at the onset of strong inversion 2 \evel
¢ We have wo;\{/
|Qs|(inversion) g
VT = (Vo + l|[s) (inversion) = ((Eod + lVs)(inversion) = T + 2\|IB —-— s _!a_cilu_m_llg/_el —————————— = iy wia r | EC q0
[ ' S
|Qsc|(inversion) qNAWm V2€sqNa(2Yp) T [ Ee T
m ——UMWETSON) 4 Dy, = AT Dy = S ATE )
Co Vs Co Vs Co Vs q9,, 40 a9, /—— E.

Qsc =- qNAWm E

Q, == gNax Eg 4;7 ——E Er777 7= —E F

Q.| >> 1q,l c v

oo Qg = Qe tQ, = Qg /_

_________ . Ep
\%
p-Si
qVO E Metal
Yo — v c
WS:I_ ___F_B____E, E,
-=T i
I e ittt Ep 2 — By
| . Neutral region Ey Vs 5,0, (a) (b)
V>0 :Hil N T
i —’J‘C epietion region (a) Energy band diagram of an isolated metal and an isolated semiconductor with an
Ep Inversion region oxide layer between them. (b) Energy band diagram of an MOS capacitor in thermal
X }“ equilibrium.
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¢ Flat-band voltage (-p#&EE) Vig :

the voltage to get the energy band diagram (a) —

to the flat-band condition (b).
VFB = ¢ms (: ¢m'¢s)
& Practical V. =1Ideal V+ Vi,

—

&

-

] R q®;

q®,, E

Fm

(a) Equilibrium
V=0

(V=0)

Ideal MOS
flat band

(b) Flat band

V=Vp=>0

ms

Effect of a negative work function difference (®,,5 < 0): (a) band bending and formation of
negative charge at the semiconductor surface; (b) achievement of the flat band condition by

application of a negative voltage.

Capacitance in an MOS Structure

Metal Oxide p-type silicon
& C =¢, /t, < fixed ¥
_ |A
C;=¢&/W; <« V dependent Tox / E,
1 1 1 v 'R
—~=—t = -- - --E
*TTT T P L
y ' f
yd E,
qVg>0
Neutral region
icap Invgrsion
I I region
v
0
Ve 0 Y im
~tox x
%
9;
C-V meter MOS capacitor F
9,=-0,
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¢ Total capacitance C.
1/C = 1/C, + 1/C,
= C=C,G/(C,*+C)
¢ Accumulation (V < 0):
No depletion region = No C;
n C=C, =¢,/d

¢ Depletion (V > 0):
C 1

== =
CO 1+ 280;( (V - Vfb)
gN,e d

& Strong inversion (V >> 0):
C;=¢&/W,, Cy=¢g,/d
- C= Cmin = 8ox/[d'l'(gox/f':s)vvm]
= g J[d(efeny)TW,]

(High-frequency) MOS C-V curve

showing its approximated segments
(dashed lines). Inset shows the series

connection of the capacitors.
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10,

crc,

1.0 P———-

C-V meter

MOS capacitor

08
L Si—SiO2
N,=1.45x 1016cm™
L-TA
0'6” d=200nm 103 Hz 105 Hz
T 1 I I | I I I
-20 -10 0 10 20

V (V)

Effect of measurement frequency on the C-V curve.
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Interface Traps (/rmrapt) and Oxide Charges (&1L &)
{

Metal

Mobile ionic ¢ Interface:

Interface-trapped charge, Q.
Oxide trapped @ Charge (Q,) pp ge, Q;

charge (Q,,) Fixed oxide 50, . 11.151de b11.1k:
N+ + + charge (Q,) l Fixed oxide charge, Q;
_____ D72 R B Oxide-trapped charge, Q,,

/ i
iterfics teapped Effectlzve net charges per unit area
charge (Q,) (C/cm2)

Sio Mobile ionic charge, Q,,

/\/\/\

Charges and their location in thermally oxidized silicon.

~ Effects of 0,5, Qp, Qppy, OF Qi

1.0 - — —
\\ \\\Ax\'\
N \ _Ideal MOS capacitor
\ (o) v (b) a)
\
&l
S
@)
05

Shifted & distorted due to Q
(The charges of Q; vary with )

-V 0 +V

Fig. (a) The C-V characteristics of an ideal MOS capacitor. (b) Parallel shift
along the voltage axis due to positive fixed oxide charges. (c) Nonparallel shift
along the voltage axis due to interace traps..

& For an arbitary volume charge density in oxide, p(x) <« unit: C/cm?3
¢ AQu(x) = p(X)Ax = AVeg = =(AQ,/Coy)(X/d) = ~[(p(x)AX)/Cy,(x/d)
. o 9 op(X)dxx 1|14 1 e
SV = .[0 dVeg —jo - C.. i —C—ox . .[O xp(x)dx | = —g.[o xp(X)dx
e
* Q= xPulxpx AQ,(X) = p(x)Ax
Q=
o T~
¢ If g, # 0 and Qy is ignored,
Q;+Q, +Q,
VFB = ¢ms - ( : C t) 0
ox x
AX d
& |Practical V; = Ideal V; + Vg
=y + ’831 Ve Oxide Si
J2eaNACyp)
=2yt - c, + Veg
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Conduction Processes in Oxide

14 Ec Ec Ec Ec
L __ EF | __ E¢ | _ _ Efr __ Er
Ey Ey Ey Ey
Oxide Oxide Oxide Oxide
(a) () (© @

Fig. Energy band diagrams showing conduction mechanisms of
(a) direct tunneling, (b) Fowler-Nordheim tunneling, (c) thermionic emission,
and (d) Frenkel-Poole emission.
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Injection of Hot Carriers (z#+) from Si to SiO, v@f‘

& “Hot” carrier: the carrier with high kinetic energy (@h55).

& If a region of sufficiently high electric field is located near the Si-SiO, interface, some
electrons or holes in the region can gain enough kinetic energy from the electric field to
surmount (i) the interface barrier and enter the SiO, layer.

¢ Injection from Si into SiO, is , in general, much more
likely for hot electrons than for hot holes because

Dielectric Breakdown (1 &g5:) w@f‘

3 stages of the tunneling current in a modern thin-oxide MOS device:

(D Defect generation (#:fazE) or Stress-induced leakage current (1113 (SR &)
Q) Sofi breakdown ().

@ Successive breakdown (#:gHEE) or Progressive breakdown (fEfFi3)

Catastrophic breakdown

1) electrons gain energy from the electric field much 4 (S ATY)
more readily than holes due to their smaller -T-
effective mass, and Vi 2 S o
2) The Si-SiO, interface energy barrier is smaller for J g 5 id
electrons (~3.1 eV) than for holes (~4.6 V). -d-- :‘, re;’am"wn
)
g 1
E, E e
5
E, ———— =
Si gate / p substrate
Oxide
33, jswu 34, jswu
& Two measures to quantify reliability: Cy@gé’ MOSFET o L : channel length (@i £ Cy@gé’

1) Time to breakdown tg, : total stress time until breakdown occurs.

2) Charge to breakdown qgp: total charge (integrating the current) passed through the
device within tgp,.

& tgp and qgp are both functions of applied bias.

7
6_
15 nm
5._
< af
2
<51
o0
3
2r 6.5 nm
1._
nm
0f 22 nm
_1 1 1 1 ! 1 1 1 1

4 S 6 7 8 9 10 11 12 13
&; (MV/cm)

Fig. Time to breakdown tgy vs. oxide field for different oxide thicknesses.
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z : channel width GEiEwERE)
( Source “Gate ¢ 0.2x100 um device
- L=0.2pm,z=100 um

Sio,
HfO,

ALO; Source |Channel; Drain

n* : p } n*

d Electrons | I
E,
fmp—— <1 N ———
E, J/‘L

Obmlc Holes
C
ﬁ - ¢ When without V; : the path between
) I ER) S and D is like two p-n junctions
(;‘ ) " Substrate> connected back to back.

= Only reverse leakage current.

Fig. Perspective view of a metal-oxide-semiconductor
field-effect transistor (MOSFET) (&% 558 &),
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Vo>V,
&V, large enough = Surface inversion layer (i.e., conduction channel) is formed. S Co T vy (smal)
¢ Depletion regions are formed:
- S & D n*-p junctions. R e (SRR S — |
- Depletion layer alongside the inversion channel layer. P
Channel
¢ Substrate bias also affects the channel conductance. Deoleti ] X
epletion region
s + Gate electrod @
ource Gate ate electrode . ,
Us _-vl-_ - Vo> Vr I
- _-l—_ Induced ID ot
n-type o0 | [ ——— L
Oxide (SiO,) channel y | |t !
\ I -‘-}?-1;(:-}1-;& i " Pinch-off E
. <t pontp) )/ (Jib) |
n | — \
\ - < ] Depletion region Qn(y:L) =00 Vb sat P
~__ 7 __ - ~_ 4 (b)
Pinch-off
| p-type substrate Ve>Vr Vs Vi Q.0=L)=0 -
Depletion region
B + *
n"— —n
(gx) Substrate T
0 i
Depletion region
(e)
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. . Transfer characteristics (i), I — V,
|-V Characteristics N ¢
I . 4 250
D i V.=4V
W V. 2 42e.qN, 3 3 H ¢ 3
I = fueﬁ‘Cox (VG —Vee — 23 _ZDJVD 3 CS |:(VD +2y, )A —(2y )A} -
3 P S
(Visar Lisad) , 2
dat d‘{# v ¢ Conductance (&) i 3 150F
s4 _ i z
,’ g gD = (aID/aVD) | VG=constant : 2 g i
/ Transconductance (i%:) ; 1 g o
g ,’ V8~‘3 "‘. gm = (aID/aVG) | Vp=constant VD =~ V[) I
3 B 50 -
g / : )
g I/I VgsZ . |
RSN - } 7 1 . I L 1 L
Vg ’ : 0 1 2 3
2 e & . - i . B Gate voltage Vg (V)
. 7] . o | (gl")max.
=7 ) > I =
Drain voltage & Com(:lat:c/t;\;\c)el (B2
- . . gp= =
Long-channel MOSFET I, -V, characteristics (solid curves) for several different values of V. D D/9Vp)lve conStan.t
The dashed curve shows the trajectory of drain voltage beyond which the current saturates. The Transconductance (i#)
dotted curves help to illustrate the parabolic behavior of the characteristics before saturation. Im= (lp/oVg) | Vb=constant
0 VT VG
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¢ At300K: Sz60(1+

c

o

Typically S = 70~100 mV/decade

I Ip V=4V
200
200 -
L 2

< 2150

< 150 3 H

Bt Semilog plot (¥ %44 &) 2w

$ ol . 2

= - f 50

ol “E !
L o 3 K// v, A Vb "

/ [Tl e S —— o=

: o o 106 3 1073

\ < E '

“\\ = 3 {/7 104

\ = 107k
\ e o8
3 0%
. £ E 2 10°
Linear scale Eoof 3
e — z 107
//,/ 10 wE! § 1078
Logarithmic (##9) scale, " 'F S w0
or simply “Log scale” 0t -
Py S L | I 1 . I . et
<Note> log;, , not og, — T} »* .
1071
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Subthreshold region (ZEERER)
& Subthreshold current, I,

& Subthreshold region: P
V;<V; & semiconductor surface is in weak inversion '] ¢ Drain current is dominated by carrier .
or depletion (i.e., when 0 <, < 2y;). Eor diffusion (instead of carrier drift).

SRR 1T Ip oc @V [1_ g aVokT] .
sof- & Subthreshold swing (slope):
10 F (REGFHRIERER) 2 e
] ’ Alogl,) ]! o
3 S= [w] (mV/decade)
2 10 aVG
§ 10*1\)
=
- oc exp(q| wl/2kT) kT C +C +C.
o 5= tncaoy (17 (S
g 107 q c o
10712
3 kT Cc +C,
g =~2.303 (—) (1+ M)
P q C, -06
inverson S inversion where C,, is the depletion capacitance, and
e vp— vy | | Fe C, (= ¢*-D,) is the capacitance due to D,.
04 0. 02 04 06 08 10 . . .
v V) Depletion Weak inversion C,*+C,,

) mVl/decade.




Threshold Voltage (5 5 & 5
ge () Types of MOSFETs
¢ V;is one of the most important parameters of MOSFETSs.
% Type Cross Section Output Characteristics Transfer Characteristics
Ideal V7 = [26,aNA(2s)] “/Coy + 25
. 1 V=4V I
Practical V; = Ideal V; + V;g 1 g 2
1 n-Channel
2
= 2y + [28,qNA(2YE—Ves)] /Cox + Vis N i
e (Normally 5
T Off)
(Vgs is the substrate bias voltage.) 1o
0 ‘/D - 0 VTn +
Q +Q,+Q /
where Ve, =0, _(Q+Q, +Q,) Cm o) I V=1V Ip
o n-Channel
Depletion 0
(Normally 1 Vin
On) = - 0+
-2
n-Channel 0 Vb Ve
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Channel Length Modulation (& £ s Es)
& The drain current of a short-channel MOSFET can still increase slightly beyond the
Type Cross Section Output Characteristics Transfer Characteristics pinch-off or the velocity saturation point, resulting in a non-zero output conductance.
v & This arises due to two factors:
v. G 1) short-channel effect, which gives V to decrease after V|, increases beyond saturation.
-Channel — ™ 0 + :
P 2) channel length modulation.
Enhancement
(Normally
Off) o117 17 17 T T T I
I, ol 1 | Vgs— Vr=4V
v 0 V
D G ~ 6+
< Vgs— Vr=3V
p-Channel ! - 0 + E GS T
Depletion 2 va L 4}
(Normally 0 Vs = Vr=2V
On) 2
=1V o= V=
p-Channel V="V b Ip o A Y SN SN S MY S .V("\ T i s
0 1 2 3 4 5
Vps (V)
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& Effective channel length (Bxua@EER) =L — AL.

, (L
¢ = (L—AL)ID
I’ is the actual current and I}, is the ideal current.

V(:' S

Inversion
charge

V[)S

Energy band diagrams for qualitative explanation of channel-length modulation.

Device Degradation & Breakdown at High Fields

Hot electrons with energy larger
than the SiO, energy barrier.

Current components of a MOSFET under high fields.

10!
102
103
104
105
2 106 & [ is generally very small, but it creates damages.
:g 107k & Hot carriers create oxide charges and interface traps.
& Device characteristics degrade with operation time.
g = g P
O 108k Vp=65V & To reduce oxide charging, the density of water-related traps
ok T Vp=6.0V in the oxide should be minimized, because such traps are
known to capture hot carriers on their passage.
1010 \
\ I
1011 —
10—12 - S o
’ S
10—13 L 1 L I r Il L Il 1 L
0 1 2 3 4 5 6 7 8 9 10 11
Ve (V)

Drain current, substrate current, and gate current vs. gate voltage of a MOSFET. L/W
=0.8/30 pm.
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W=9pum Breakdown due to
L=05pm impact ionization

Drain current (mA)

0 T T 1 1

Drain bias (V)

Example I;— V;, curves of a short-channel nMOSFET showing breakdown at high drain voltages.
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Nonvolatile Memory (NVM) @rssas a0tz

Semiconductor memory

- / \ s

Volatlle Nonvolatlle

or limited
/ \ rewy W

'SRAM | DRAM ROM
// \\\ P - '
. e
Mask- PROM EPROM , Flash EEPROM"
pro%{rgrilllmed ~EEPROM /
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NVM | Jé.
Any bistable device that retains its state when the power supply is disconnected can
make a nonvolatile memory cell.

Programmable read-only memory (PROM) (mrfz=t30 iA): memory cells can not be
reprogrammed.

Erasable programmable read-only memory (EPROM) (AT Hkkx A2 330 fEH%): memory
cells can be erased and reprogrammed.
- The memory erasure is done by non-electrical means (e.g., exposure to UV light).

Electrically erasable programmable read-only memory (EEPROM) (2 1= ATk f2
#athEms): memory cells can be erased electrically and reprogrammed.
- Now interchangeably so-called “Flash memory” (tp5:01#%), named due to its fast erasing action.

The technical considerations of NVM are:

1) Memory speed

2)  Memory retention time (3177 %)

3) Memory endurance time (GCIEiZIFR)

4) Power dissipation (If%3)5#%)

5) Power supply voltage

6) Memory cell size

7)  Scaling properties of the memory technology

Basic Principles of NVM

& For electron injection in an nMOSFET:
- Charges stored > Vy shifts to V,y;,, 2 High-threshold state (=E&5HIREE) > Programmed
- Charges erased - V. returns to V= Low-threshold state ({KE& k%) - Erased

¢ To read out the bit stored in the MOSFET, Vy; is set between V,,,, and V.
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(a) Schematic diagram of a MOSFET nonvolatile memory device. (b) The MOSFET threshold
voltage shifts from V., t0 V¥, 4;gs after electron injection.
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Programming & erasing times due to V transient (#zg)
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¢ Floating-gate devices (FERIfE L) : i@f‘
(a) FAMOS (floating-gate avalanche-injection MOS). -
(b) Stacked-gate transistor.

Oxide

,/ Drain

(a)

& Charge-trapping devices (&)
(c) MNOS (metal-nitride-oxide-silicon) transistor.
(d) SONOS (silicon-oxide-nitride-oxide-silicon) transistor.

@

Floating-Gate NVM

FAMOS (floating-gate avalanche-injection MOS). n* n*
(F BRI 2 AMOS) p-Si

¢ FAMOS is one of the earliest successful floating-gate memory products.
& It’s typically a pMOSFET, because, for the FAMOS operation, the injection of hot electrons in a

pMOSFET is much more efficient than that in an nMOSFET.

¢ Programming is by avalanche hot electron injection, while erasure is by UV light or X-ray as the

device has no control gate.

¢ When the device is programmed, the electrons stored in the floating gate induce an inversion

channel of holes, thus making the device conducting.
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Schematic of a FAMOS device. The dotted line indicates the boundary of the depletion region.

Stacked-gate transistor (iR e fas). _J ]
o

& There is a control gate.
& Programming is by hot electron injection or electron tunneling near the drain region, while
erasure is by electron tunneling from the floating gate to the source region. (Next pages for details)

(a) Control gate (b) Control gate
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Schematic diagrams of a stacked-gate nonvolatile memory device. (a) Programming by channel
hot electron injection. (b) Erasure by electron tunneling from floating gate to source.
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bl pSi Two cases using source-side injection (s A) L‘Qﬁ
M Control gate
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E, — b Ec
e e R o 7 ot J Schematics of floating-gate devices using source-side hot electron injection. (a) A sta_cked-gate
. Ey device having a second floating gate at the source end. (b) A stacked-gate device having a second
e gate (select gate) at the source end.
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Using a split control gate (s eizesiRiix) Charge-Trapping NVM wf‘

(a) Control gate (b) Control gate
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Schematic diagrams of a stacked-gate nonvolatile memory device having a split control gate.
(a) Programming by channel hot electron injection. (b) Erasure can be accomplished by tunneling
electrons from the floating gate to the drain region or to the control gate.
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MNOS (metal-nitride-oxide-silicon) transistor.

¢ The simplest EEPROM devices based on charge storage in the gate insulator.
- The silicon-nitride layer is used as an efficient material to trap electrons.
- Electrons are trapped in the nitride layer close to the oxide-nitride interface.

& Programming and erasure are by electrons and/or holes tunneling into and out of the
nitride layer, depending on whether the device is an nMOSFET or a pMOSFET.
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SONOS (silicon-oxide-nitride-oxide-silicon) transistor

¢ Sometimes called MONOS (metal-oxide-nitride-oxide-silicon) transistor.
> & The function of the top blocking layer is to prevent electron injection from the

E N
E ~ s N metal to the nitride layer during erase operation.
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Rewriting of MNOS memory. (a) Programming: electrons tunnel through oxide and
are trapped in the nitride. (b) Erasing: holes tunnel through oxide to neutralize the trapped
electrons, and tunneling of trapped electrons.
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