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Fig. 1 Gross world product (GWF) and sales volumes of the electronics, automobile, semicon-
ductor, and steel industries from 1980 to 2007 and projected to 2020.12 : -
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Fig.2 Basic device building blocks. (¢} Metal-semiconductor interface; (b) p—n junction; (c}
heterojunction interface; and {d) metal-oxide-semiconductor structure.
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TABLE1 Major Semiconductor Devices

Year Semiconductor Device? ; Author{s)/Inventor(s) Ref.
1874  Metal-semiconductor contact® Braun 5
1807  Light emitting diode® - Round 6
1947 Bipolar transistor - Bardeen, Brattain, and Shockley 7
1949 p-n junction® Shockley 8
1852  Thytistor Ebers 9
1954  Solar cell® Chapin, Fuller, and Pearson 10
1857  Heterojunction bipolar transistor Kroemer 1l
1958  Tunnel diodeb ~ Esadd 12
1960  MOSFET Kahng and Atalla 13
1962 Laser? Hall et al 15
1963 Heterostructure laser® . Kroemer, Alferov and Kazarinov 16,17
1963  Transferred-electron diodeb Gunn 18
1965  IMPATT diodeb ' Johnston, DeLoach, and Cohen 18
1966 MESFET Mead 20
1967 Nonvolatile semiconducter memory Kahng and Sze 21
1870°  Charge-coupled device Boyle and Smith
1974 Resonant tunneling diodeb Chang, Esaki, and Tsu 24
1980 MODFET Mimura et al.
1994  Room-temperature single-electron Yano et al. 22
. memory cell
2001 20 nm MOSFET Chau 14

*MOSFET, metal-oxide-semiconductor field-effect transistor; MESFET, metal-semiconductor field-effact transistor;
MODFET, modu]atmn-doped field-effect transistor: -
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TABLE2Z Key Semiconductor Technologies

Year Technology* Author(s)/Inventor(s) Ref.
1918 Czochralski crystal growth Czochralski 7
1925  Bridgman crystal growth Bridgman 28
1952 III-V compounds Welker 29
1952  Diffusion Pfann 31
1957  Lithographic photoresist Andrus 32
1957  Oxide masking Frosch and Derrick 33
1957  Epitaxial CVD growth Sheftal, Kokorish, and Xrasilov 34
1958  Ion implantation Shockley a5
1959  Hybrid integrated cireuit Kilby 36
1958 Monolithic integrated circuit Noyce ar
1960  Planar process Hoerni 38
1963 CMOS Wanlass and Sah 39
1967 DRAM Dennard 40
1969  Polysilicon self-aligned gate Kerwin, Klein, and Sarace 41
1969  MOCVD Manasevit and Simpson 42
1971 Dry etching Irving, Lemons, and Bobas 43
1871  Molecular beam epitaxy Cho 44
1871  Microprocessor (4004) Hoff et al. 45
1982  Trench isolation Rung, Momose, and Nagakubo 46
1988  Chemical mechanical polishing Davari et al. 47
1993  Copper interconnect Paraszczak et al. 48

*CVD, chemical vapor deposition; CMOS, complementary metal-oxide-semiconductor field-effect &ansistor; DRAM,
dynamic random access memory; MOCVD, metalorganic CVD.
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Although the semiconductor-device field is a relatively new area'of study,” it has enor--
mous impact on our society and the global economy. This is because semiconductor devices
serve as the foundation of the largest industry in the world—the electronic industry.

In this introductory chapter, we have presented a historical review of major semi-
conductor devices from the first study of metal-semiconductor contact in 1874 to the fab-
rication of an ultrasmall 20-nm MOSFET in 2001. Of particular importance are the
invention of the bipolar transistor in 1947, which ushered in the modern electronic era;
the development of the MOSFET in 1960, which is the most important device for inte- ~ -
grated circuits; and the invention of the nonvolalite semiconductor memory in 1967, which
has been the technology driver of the electronic industry since 1990.

We have also described key semiconductor technologies. The origins of many tech-
nologies can be traced back to the late eighteenth and early nineteenth centuries. Of
particular importance are the development of the lithographic photoresist in 1957, which
established the basic pattern-transfer process for semiconductor devices; the invention
of the integrated circuits in 1959, which was seminal to the rapid growth of the micro-
electronic industry; and the developments of the DRAM in 1967 and the microproces-
sor in 1971, which constitute the two Jargest segments of the semiconductor industry.

We have a vast literature on semiconductor-device physics and technology.® To date,
mare than 300,000 papers have been published in this field, and the grand total may reach
one million papers in the year 2012. In this book, each chapter deals with a major device
or a key technology. Each is presented in a clear and coherent fashion without heavy
reliance on the original literature. However, we have selected a few important papers at
the end of each chapter for reference and for further reading.
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o Abundz;nce of the Semiconductor Constituents in the Earth’s Crust

Element Abundance Element Abundance Element Abundance
Silicon 283 Zinc 7 % 107% | Cadmium 2 x 1077
Aluminum 083 Gallium 1.5 x 1075 | Indium 1 x 1077
Phosphorus .001 Germanium 5 x 107 | Mercury 8 x 107
Sulfur 2.6 x 107% Arsenic 1.8 x 10°¢ Selenium 5§ x 1078
Carbon 2 x 10~ Antimony 2 x 1077 Tellurium 1 x 10~°

L

Mechanical Properties of Common Semiconductors and Metals

Melting  Knoop Yield . Thermal Thermal
Point  Hardness Strength Conductivity  Expansion
¢ C  (kg/mm?) (10" (Wlem-°C) (10~%SL/L-C®)
dynes/cm?)

DBiamond >3550 7000 53 20 1.0
Tungsten 3410 485 4.0 1.78 45
Silicon carbide 2700 2480 21 3.5 3.3
Molybdenum 2610 275 2.1 1.38 5.0
Aluminum arsenide 1740 481 0.8 5.20
Zinc selenide 1520 150 0.13 7
Gallium phosphide 1467 945 * 0.97 5.8
Silicon 1415 1150 1.0 1.57 2.56
Gallium arsenide 1238 750 0.54 6.8
Stainless steel 1000-1400 600 2.1 0.32 12
Cadmintm telluride 1098 100 0.07 5.5
Indium phosphide 1070 535 0.68 4.5
Indivm arsenide 943 381 0.26 5.19
Aluminum 660 130 017 2.36 25
Indium antimonide 525 223 0.18 5.04
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To calculate the electron and hole concentrations in the conduction and valence bands,
respectively, we need to know the density of states, that is, the number of allowed energy
states per unit energy per unit volume (i.,e., in the units of number of states /eV/em?).
When electrons move back and forth along the x-direction in a semiconductor mate-
rial, the movements can be described by standing-wave oscillations. The wavelength A
of a standing wave is related to the length of the semiconductor L by
L

—=n

<7 (1)

where 1, is an integer. The wavelength can be expressed by de Broglie hypothesis:

=t @

Px

where % is the Planck constant and P, is the momentum in the x-direction. Substituting
Eq. 2 into Eq. 1 gives

Lp.=hn_. {3)
The incremental momentum dp, reéuired for a unity increase in n_is
Ldp.=h. ' (4)
For a three-dimensional cube of side L, we have
L*dp, dp, dp, = h°. 6y

The volume dp, dp, dp. in the momentum space for a unit cube (L = 1} is thus equal
to k3. Each incrementaf change in  corresponds to-a unique set of integers (n,, n,, n,),
which in turn corresponds to an allowed energy state. Thus, the volume in momentum
space for an energy state'is b The figure shows the momentum space in spherical coor-
dinates. The volume between two concentric spheres (from p to p + dp) is 4mp?dp. The
number of energy states contained in the volume is then 2(4wp®dp)/h?, where the fac-
tor 2 accounts for the electron spins. )

" The energy E of the electron (here we only consider the kinetic energy ) is given by
' 2

=-F (6)
E 2m,

or ‘ p=+2m.E, (7)

~ 15 =




where p is the total momentum ( with components p,, p,, and p. in Cartesian Coordinates)
and m, is the effective mass. From Eq. 7, we can substitute E for p and obtain

3
' 2 - L
N(E)E = 3®_%P =4n(2:;" )2E 2 dE (8)

h.‘j

and

where N(E) is called the density of states.
Pz

N(E)-—-4n’(

3

2
2m, )2 EZ, (9)
D .

o ;Py
ST I g:;-_:,,"‘f-‘-
P
Gamma Tunchon,
Ih = f "™ exp(—x) dx.
0
n T
1 1.00.
1.25 0.906
1.5 0.886
1.75 0.919
2 1.00
o : T’(ﬁ) =
For positive integer values of n
' T = M- 1!

The values of I'(n) for n < 1 and for n > 2 may be evaluated using the

- following formulas:

I'(nj=T(n+ 1)/n
Iin=0m-DIn~-1)

Example: I'(2.5) = 1.5T(1.5) = 1.33
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For indirect-bandgap semiconductors, such as silicon, a direct recombina-
tion process is very unlikely, because. the electrons at the bottom of the con-
duction band have nonzero crystal momentum with respect to the holes at the
top of the valence band (refer to Fig. 4 in Chapter 1). A direct transition that
conserves both energy and momentum is not possible without a simultaneous
lattice interaction. Therefore the dominant recombination process in such
semiconductors is indirect transition via localized energy states in the forbid-
den energy gap.5 These states act as stepping stones between the conduction
band and the valence band. Because the transition probability depends on the
energy differences between the step and the conduction and valence band .
edges, these intermediate states can substantially enhance the recombination
process. ‘ L z

Figure 13 shows various transitions that occur in the recombination process
through intermediate-level states ‘(also called recombination centers).” We
illustrate the charging state of the center before and after each' of the four
basic transitions takes place. The arrows in the figure designate the transition
of the electron in a particular process. The illustration is for the case of a
recombination center with a single energy level that is neutral when not occu-
pied by an electron or negative when it is occupied. '

Process (a) is for electron capture—an electron in the conduction band is
captured by the center. Because only one electron can occupy a given center,
a center that is occupied by an electron cannot capture another one. There-
fore, the rate of electron capture is proportional to the concentration-of centers
that are not occupied by electrons (i.e., those centers that remain neutral). If
the concentration of centers in the semiconductor is »,, the concentration of
unoccupied centers is given by N,(1 — F), where F is the Fermi distribution
function for the probability that a center is occupied by an electron. In equili-

‘brium,. . :

1
F o= |+ (& — EnVkT (48)

where E, is the energy level of the center and Ef is the Fermi level.
Therefore, the rate of capture of electrons, process (a), is given by

Ry ~ nN,(1 = F). (49)
" We shall designate the proportionality constant by the product vy 6,, 50 that
R, = wmornNy(l — F) . (50

where v, is the thermal velocity of the carriers given in Eq. I and o, is the
capture cross section. The quantity o, describes the effectiveness of the center

s 1o capture an electron and-is a measure of how close the electron has to come

to the center to be captured. We expect that the capture cross section would be

— 2?_
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Fig. 13 Indirect generation-recombination processes at thermal equilibrium.$

"“of the order of the atomic dimensions, that is, of the order of 10~ % ¢cm? The
product v, 0, may be visualized as the volume swept out per unit time by an
o e}ectron with cross section o,. If the center lies within this volume, the elec-
' tron will be captured by it. ’

i - . The rate of emission of electrons from the center, process (b) in Fig. 13, is
the inverse of the electron captire process. The rate is proportional to the con-
centration of centers occupied by electrons, that is, N, F. We have

Rh = enN‘F-' (51)

The proportionality constant ¢, is called the emission probability. At thermal
equilibrium the rates of capture and emission of electrons must be equal
(Ry ="Ry). Thus, the emission probability can be expressed in terms of the
quantities already defined in Eq. 50:

v,,,cr,,n(l - F)

ey = = (52)
Since the electron concentration in thermal equitibrium'is given by
Ef ~ E)/KT <
n = nie( F i) ) (33)
and |
(I — F) (E, — EFVKT
S Ll et ) 54
F P - - ) ( )
we obtain ’ ! -
E, — E
en = vpoume's T VAT (55)
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Note that if the center is close to the conduction band. edge (i€ E, — E; is
larger), the electron emission from the center becomes more probable, since e,
increases exponentially with E, —E;. N U P R PR LR I

The transitions between the recombination center and the valence band are
analogous to those described above. Process (¢} in Fig. 13 is for hole capture.
The rate is proportional to the centers occupied by electrons, N, F, and the
hole concentration. The proportionality constant is given by the product of
the thermal velocity v,;, and th; capture cross section g, of holes.. Thus;..: -

Re = vio,pN, F". (56)

The fourth process, Fig. 134, is for hole emission, which describes the exci-
tation of an electron from the valence band to the unoccupied center. By
arguments similar to those for electron emission, the ratejs* = * "

Ry = g,N(1 - F). (57)

The emission probability e, of a hole may be éxp:e,ssed in terms of v and o,
by considering the thermal-equilibrium condition for which R, = Ryt

e, = ¥4 O'Pnfe(g""— ST R .'(58)

Agaimn, note that the emission probability increases exponentially as the center

level E; approaches the valence band edge. Because we can measure experi-

mentally the capture cross sections o,~and o,, the concentration of the recom-

bination center N, and the center’s edergy level E, » we can use Egs. 50, 51, 56,

and 57 to determine the kinetics of indirect recombination’ under nonequili-
brium conditions. - ' .

» - EC
. b -LLRa [Lﬁb

M A A

. Fig. 14 Generation-recombination processes under illumination.

A T 4y

" Figure 14 shows a nonequilibrium case in which an n-type semiconductor is
illuminated uniformly to give a generation rate G,. Thus in addition to the
processes shown in Fig. 13, electron—hole -pairs are generated as a result of
light. In steady state the electrons entering and leaving the conduction band
must be equal. This is called the principle of detailed balance, and it yields

) .z:-.- ;I -d;fn =G —(Ra — Ry) = 0. (59)

' Si-milélrl-y',--in'stca’d}z state the detailed balance of holes in the valence band
leadsto '

.qgl._..



. dpn -
. ) . '..:dt -.
Under equilibrium’ conditions, that is, G, = 0, R, = R, and R, = Ry.
However, under steady-state nonequilibrium conditions R, = R, and
R, -,-—é R4. F}'om Eqs. 59_and 60 we obtain

=G, = (Ro — Ry) = 0. (60) |

G,r__R-—Rb__R — Ry, (61)
;Insertmo thc cxprcssxons for R, through R; into Eq. 61 glves

| v’ho"N’[(fﬂ(l_;"f)—.n,-e(E E)’krp]

e BT F)] (62)

We can chmmatc F from Eq 62 and solvc for the net recombmauon rate U:

-'=‘-v,;,a_,,N,[p,, -

: - . 0,0 N (_Pn”n - 11,'2)
U =R, —R, = _ Vi p IV ) = E?z
o o {pa + n,-e(E E,)/KT: ] + onln, + n; (B = EDAT ]

] .
<p. 43>

e Recombinadion ifﬁff‘{?ﬂ(
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16 Phonon, Optical at Thepnal Propihiet

4. diatomic lattice such as NaCl will be more complicated than the
linear array of like masses that is coupled together by springs. There
is a vibration of the sodium chloride lattice in which all of the sodium
atoms move together and all of the chlorine atoms move together. A
description of the waves associated with such a vibration requires
that the vibrational state of each unit cell be specified. In reference
to Fig. 9-5, for example, there is a vibrational mode in which the rela~
tive positions of the two masses M and m in each of the unit cells move
with relation to each other. This vibration is formally the same as
the vibrations of identical particles. In addition, there is a vibration
in which the two masses in the unit cell move with respect to each other
but the centers of gravity of the unit cells do not move.

If we suppose that the masses interact only with nearest neighbors,
then, since even-numbered particles have mass M and odd-numbered
particles have mass m, the equations of motion are

Fyy = M 2z = K(z2p41 + T2p1 — 22s,)

diz
(5-28)
F _ d2$2p+], — K )
2p3l = M T = (:vzp-z-z + Tag = --ﬂ:zp+1)
M m M m M m M
* * ¢ * * H i .
0 . F3 - Aa ' - & Distance

Fig. 9-5 Diatomic lattice. In such a lattice, there ean exist mechanical
vibrations in which neighboring atoms move together as in the case for the
main atomic lattice, as well as vibrations in which adjacent planes move in
opposite directions.
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We shall assume wave solutions of the form -
T2y = Au exp [i(pal — wi)]

(9-29)
ZLopi1 = Am eXD li[(Zp + 1) %B- - wt:”

where the coefficients Ay and A, may differ in amplitude and phase.
The frequency w/2» and wave numbers_8/2r are identical for the two
displacements. Substitution of (9-29) into (3-28) results in a pair of
equations for the coefficients A, and 4,.. Thus,

As(—o?M + 2K) — A2K cos%"' -0
(9-30)

— 42K cos B2+ An(—wm 4 2K) = 0



Equation (9-30) has a nontrivial solution for the coefficients Au, Am
only if the determinant of coefficients vanishes or if

(—eIf + 2K)(—atm + 2K) — 4K? cos B = (9-31)
Equation (9-31) is satisfied if

o _pMEm M-—{-m2 4K ., Ba 39

”“KM—m_i\/K*(W) ~ D (332)

There are two frequencies that satisfy the conditions for propagation
in the lattice for each 8.” At B = 0, the two frequencies are

0 1
—7TTIN o (9-33)
wo = \/2K (-ﬂ-l? + %1) |

In (9-32) and (9-83), there is a branch of the frequency spectrum
that starts at zero and, near the edge of the Brillouin zone, rea.ches.a
value of /2k/M. This branch includes the usual acoustic waves in
solids and is called the acoustic branch. The higher-frequency branch
that hes frequency v/2K{1/M + 1/m) at zero wave number can

interact with infrared frequencies of the electromagnetic spectrum

and was thought at one time to be responsible for the optical behavior
of solids.* The high-frequency branch is called the optical branch.
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g

_Fig. 9-6 Dispersion diagram (w-8) for-diatomic crystal with only nearest-
neighbor interaction, showing acoustic and optical branches.
For the acoustic mode, w = 0, we find from Eq. (9-30) that the ratio

Ax _ | 2K cos (Ba/2)
. "t e (889

is unit:} if fa = 0, w = 0, For the optical mode, with ga = 0 and
w = ~/2K(1/M + 1/m), we find that

s
iSE

optical mode _ (8-35)
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The fixed charge Qr is located within approximately 3 nm of the §i0,-5i interface.
This charge is fixed and cannot be charged or discharged over a wide variation of sur-
face potential y,. Generally, Qyis positive and depends on oxidation and annealing con-
ditions and on silicon orientation. It has been suggested that when the oxidation is stopped,
some ionic silicon is left near the interface. These ions, along with uncompleted silicon
bonds (e.g., Si-Si or §i-O bonds) at the surface, may result in the positive interface charge
Q - @y can be regarded as a charge sheet located at the $i0,-Si interface. Typical ﬁxed-
oxide charge densities for a carefully treated $iO,-Si interface system are about 10'°cm™
for a (100) surface and about 5 x 10¥® em™2 for a {111) surface. Because of the lower val-
ues of Q, and Q, the (100) orientation is preferred for silicon MOSFETS.

The onde-trapped charges Q,, are associated with defects in the silicon dioxide. These
charges can be created, for example, by X-ray radiation or high-energy electron bom-
bardment. The traps are distributed inside the oxide layer. Most of process-related Q,,
can be removed by low-temperature annealing.

The mobile ionic charges Q,,, such as sodium or other alkali ions, are mobile within
the oxide under raised-temperature (e.g., >100°C) and high-electric field operations. Trace
contamination by alkali metal ions may cause stability problems in semiconductor devices
operated under high-bias and high-temperature conditions. Under these conditions mobile
ionic charges can move back and forth through the oxide layer and cause shifts of the C-
V curves along the voltage axis. Therefore, special attention must be paid to the elimi-
nation of mobile ions in device fabrication. -

The charges aré the effective net charges per unit area in C/cm? We now evaluate
the influence of these charges on the flat-band voltage. Consider a positive sheet charge
per unit area, Q,, within the oxide, as shown in Fig. 11. This positive sheet charge will

P; 0,
Q, o8
0 d x 0 .
L 5 5 |d
Metal Oxide Si Oxide Si

Q"l
)

T TR
Q] b

(a) (b)

Fig. 11 Effect of a sheet charge within the oxide.? (e} Condition for V, = 0. (b) Flat-band
condition.

— '52/-0



induce negative charges partly in the metal and partly in the semiconductor as shown in
the upper part of Fig. 1la. The resulting field distribution. obtained from integrating
Poisson’s equation once, is shown in the tower part of Fig. 11a where we have assthed
that there is no work function difference, or ¢4, = 0.

To reach the flat-band condition (i.e.. no charge incduced in the semiconductor), we-
must apply a negative voltage to the metal, as shown in Fig. 11h. As the negative voltage
increases, more negative charges are put on the metal and thereby the electric-field dis-
tribution shift downward until the electric field at the semiconductor surface is zero. Under

this condition the area contained under the electric-field distribution corresponds to the
flat-band voltage Viy: '

Quy = Lol

Vop =y, ==y = _

FB €ty £ Lo C,, d
The flat-band voltage is, thus, dependent on both the density of the sheet charge Q,, and
its location x, within the oxide. When the sheet charge is located very close to the metal—
that is , if x, = 0—it will induce no charges in the silicon and therefore have no effect on
the flat-band voltage. On the other hand, when Q, is located very close to the semi-

conductor—x, = d, such as the fixed-oxide charge Q, it Will exert its maximum influ-
ence and give rise to a flat-band voltage

Od 3]
Vep = 0 = Q-

For the more general case of an arbitrary space charge distribution within the oxide, the
flat-band voltage is given by '

Ve = 22| 3 Lol

o

where p(x) is the volume charge density in the oxide. Once we know p,,(x), the volume
charge density for oxide-trapped charge, and p,,(x), the volume charge density for mobile

ionic charges, we can obtain ), and Q,, and their corresponding contribution to the flat-
band voltage:

Qot = %J;ﬁoot (:c)dx,

Qn s% jxpm(x)dx. |
If the value of the work function difference g4, is not zero and if the value of the
interface-trapped charges is negligible, the experimental capacitance-voltage curve will
be shifted from the ideal theoretical curve by an amount

(Qf +Qu +0Qu)
— .

o

VFB = ¢ms -

-5 3—
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A Floating Gate and Its Application
to Memory Devices

By D. KAHNG and S. M. SZE

(Manuscript received May 16, 1967)

A structure has been proposed and fabricated in which semi-
permanent charge storage is possible. A floating gate is placed a small
distance from an electron source. When an appropriately high field
is applied through an outer gate, the floating gate .charges up. The
charges are stored even after the removal of the charging field due
to much lower back transport probability. Stored-charge density of
the order of 10**/em? has been achieved and detected by a structure
similar to an metal-insulator-semiconductor (MIS) field effect transis-
tor. Such a device functions as a bistable memory with nondestructive
read-out features. The memory holding time observed was longer than
one hour. These preliminary results are in fair agreement with a simple
analysis. o ' .

Tt has been recognized for some time that a field-effect device, such
as that described by Shockley and Pearson,® can be made bistable
utilizing switchable permanent displacement charges on ferroelectric
material.? Subsequent studies of ferroelectric material have revealed,?
however, that the inherent speed capability of a device incorporating
a ferroelectric material is limited by domain motion, whose highest
speed is limited by the acoustic velocity. In the absence of highly
ordered, near-ideal thin film ferroelectric material, the speed capability
of a bistable device, therefore, is in the microsecond range at best.* In
addition, many ferroelectric materials suffer from irreversible mechani-
cal disorder after many cycles of polarization switching,? rendering
some uncertainty on the long term device reliability aspect. -

An altérnative to a ferroelectric gate is a floating gate chargeable by
field emission, which hopefully circumvents the above mentioned diffi-
culties. Consider a sandwich structure, metal M (1), insulator I(1),
metal M (2), insulator I(2), and finally metal M (3). (See Fig. 1). If
the thickness of I(1} is small enough so that a field-controlled electron
transport mechanism such as tunneling or internal tunnel-hopping
are possible, a positive bias on-M (3} with respect to M (1) with M(2)
floating [M(2) is called the floating gate henceforth], would causc
electron accumulation in the floating gate, provided electron transport

1238

* Bell System Tech. I. 46, 1288 (1967).
( Firer goper on nenvelakile - gemcomchuct vnemOra )

— 82 —



B.8.T.J. BRIEFS - 1289

S I M@ 1(2) M (3}
(or M(1)
Floa.h‘n‘j
[ G
Q —_
L) = =
A V000 (V> o)
K 7
o ked, ey

(€1) (€2)
(a)

l T
-=Q =
—_/ ; = (V=0)
_______ Y 77777
T
) T
(b)

Fig. 1 — Energy band diagram of a floating gate structure with a semiconductor-
insulator-metsal-insulator-metal sandwich. For calculstion of the stored charge, the
semiconductor is replaced by a metal M(1). (a) When a positive voltage step 1s
applied o the outer gate. (b) When the voltage is removed. The stored charge
Q causés an inversion of the semiconductor surface.

across I(2) is small. These conditions can be met by choosing I (1)
and I(2) such that the ratio of dielectric permittivity /e is small
and/or the barrier height into I(1) is smaller than that into I (2). The
sandwich structure is somewhat similar to the tunnel emitter metal-
base transistor proposed by Meads in its structure but with the follow-
ing éssential differences. -

-(?) M(2) is much thicker than the hot electron range, so that
emitted electrons are close to the Fermi-level of M (2) before
reaching I(2). '

() No carrier transport is allowed across I(2).

(1) M (2) is floating.
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The stored charge Q, as a function of ﬁme when a step voltage func-
tion with amplitude 1* is applied acrass the sandwich, is given by

QY = f‘ ]l coul/em®. )

When the emission is of Fowler-Nordheim tunneling type, then the
current density, 7, has the form

j'= C\E? exp (—E./E), ‘ (2a)

where C; and E, are constants in terms of effective mass and the barrier
~height. (We have neglected the effects due to the image force lowering*
of the barrier, etc., but the essential feature is expected to be retained
even after detailed corrections are made). This type of current trans-
port occurs in Si0a and ALQ,.
When the field emission is of the internal Schottky or Frankel-Poole
type, as occurs in SigNg® then j follows the form

j = CiF exp [~ q(® — V/eB/we)/kT}, (2)

where c, is a constant in terms of trapping density in the insulator, &,
the barrier height in volts, ¢ the dynamic permittivity.
The electric field in I(1). at all times is a function of the applied

voltage V and Q(£), and is obtainable from the displacement continuity
requirement as

_ 4 Q :

B = dl + dz(él/fz) Lo+ Gz(dx/dz) ' (3)

where d, and dp are the thickness of I(1) and I(2), respectively.
Fig. 2{a) shows the results of a theoretical computation using (1),
(2a), and (3) with the following parameters: d; = 50 &, ¢, = 3.8 ¢ (for
Si0.), dy = 1000 &, &2 = 30 ¢ (for Zr0.), and V = 50 volts. One notes
that the stored charge initially increases linearly with time and then
saturates. The current is almost constant for a short time and then
decreases rapidly. The field in I(1) decreases slightly as the time
inereases. The above results can be éxplained as follows: When a
voltage pulse is applied at.t = 0, the initial charge Q is zero, and the
initial electric field across I(1) has its maximum value, Emwx =
V/[d1 + (e1/e2)da]. As ¢ increases, Q will first increase linearly with
time. This is because of the fact that for small @ such that E remains
essentially the same, the current will in furn remain the same, so
Q = j(Emx) * t. Eventually, when @ is large enough to reduce the
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Fig, 2(a) — Theoretical results of the stored-charge density (@), the current
depsity (J), and the elegtric field across I(1) as a function of time. V = 50 volts,
dy = 50 A, /e = 38 {for 8i0.), d» = 1000 A, e:/ea = 30 (for Zr0O:). (b) The-
oretical results of the stored charge density as a function of time with
the same ‘& and & as in (a), and .di = 10 A, d» = 100 A (solid lines),
dy = 30 A, d: = 300 A (dotted lines). (c) Theoretical results of the stored density
as a function of time with di = 20 &, /e = 60 (for SiNJ), d: = 200 A,
e/ = 30 (for ZrO.) and various applied voltages.

value of E substantially, then the current will decrease rapidly with
time and { increases slowly.

Fig. 2(b) shows the stored charge as a function of time for the time
e and ¢ but different dy, ds, and V. It is clear that for a given structure,
in order to store a given amount of charge, one can either increase
the applied voltage or increase the charging time (pulse width) or both.
Fig. 2(c) shows the caleulated stored charge for the current transport
described by (2b). Here I(1) is a 20 A thick SisN, film. There are
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marked decreases in the gate volta.ges required for a given charge
compared to Al,O3, SiO,. This is largely due to the much lower barrier
height (1.3 volts)? compared to Si0. (= 4.0 volts).?

It is noted that the field in I(1) for appreciable charge storage isin
the 107 V/em range. When the outer gate voltage is removed, the field
in I(1) due to the stored charge on the inner gate is only 10° V/em
or so corresponding to 5% 102 charges/em?, a large enough charge to
detect easily. Since the transport across I(1) is highly sensitive to the
field;, (2a) and (2b), no charges flow back. The charge loss is actually
controlled by the dielectric relaxation time of the sandwich structure,’
which is very long. When it is desired to discharge the floating gate
quickly, it is necessary to apply to the outer gate a voltage about equal
in magnitude but opposite in polarity to the voltage which was used
for charging. It is evident that net positive charges (loss of electrons)
can also be stored in the floating gate if the discharging gate voltages
are appropriately chosen in magnitude and duration.

It was mentioned that the stored-charge demsity of 5X10/cmn®
was sufficient for easy detection. One of the detection or read-out
schemes is to use the surface field effect transistor (MOSFET or
IGFET) first fabricated and described by Kahng and Atalla* in 1960.
For inversion at a silicon surface, the charge required is only about
2x10%*/cm? for 1 ohm-ecm n-type silicon. However, surface-state
charges at the silicon-silicon dioxide. interface may be as high as
10*2/om?, depending on the fabrication techniques used. For this reason
we have chosen 5X10%%/em? as the stored charge required for easy
detection. When. the Insula.ted Gate Field Effect Transistor (IGFET)
pnn01ple is used for read-out M (1) is now replaced by silicon. This
requires ‘s slight correction in the calculation of charge flow through
the insulator, but the major features of the results are not expected to
be altered significantly. It is to be noted that about one half of the
stored charge can be active in creation of the inversion layer since
the other half resides near the M(2)-I(2) interface due to Colombic
repulsion.

To check the feasibility, a floating gate device has been fabricated
using 40 'IGFET as shown in Fig. 3(a). The substrate is an n-type
silicon, -1 ohm-em, and (111) oriented. I(1) is a 50 A SiO, thermally
grown in a dry oxygen furnace. M(2) and I(2) are Zr (1000 A) and
ZrQ, (1000 &), respectively. M (3) and the ohmic contact metals are
aluminum deposited in a vacuum system. Fig. 3(b) is another version.

of the floating gate device using a thin film transistor (TFT) struc-
ture.1t
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Fig. 3 — (a) Schematic diagram of a floating gate device using an IGFET. The
numbers indicated correspond to those shown in Fig. 1. (b) Schematic diagram
of a floating gate device using thin film transistor structure.

The 1GFET-type floating gate devices have been tested in a pulsing
circuit. Because of the relatively thick insulator layers, large voltages
(= 50 V) and long pulse width (=2 0.5 ps) have to be applied in order
to store == § X 10*% charges/cm?. Fig. 4 shows the experimental results.
A positive pulse of 50 volts is first applied to the gate electrode, and
60 ms later a negative pulse of 50 volts is applied. Then the pulsing
cycle répeats. In Fig. 4(a) the pulse widths are 0.5 us. One notes that
when the positive pulse is applied, a sufficient amount of charge is
stored in the floafing gate so that the silicon surface is inverted; a
conducting channel is thus formed, and the channel current is “on.” It
can be seen that the channel current decreases only slightly at the end
of 60 ms. When the negative pulse is applied, the stored. charge is
eliminated, and also the channel. The channel current reduces to its
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Fig. 4_—Experirx;ental results of the channel current of u IGIFET-type floating
gate device. A positive voltage pulse, Vi, with pulse width W,, is first applied to
the gate, and 60 ms later & negative pulse V..with pulse width W, is applied. Then
the pulsing cycle repeats. Horizontal seale: 20 ms/div. Vertical scale: 0.1 ma/div.
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“off” state. Fig. 4(b) shows results for pulses with the same widths
but smaller amplitude (40 V). Since the stored charge is 2 strong
function of the pulse amplitude, only a very small amount of charge is
stored, too small to cause inversion. For non-leaky units, the memory
holding time of longer than one hour has been observed.

It is clear that a modified IGFET such as a TFT can be used for
read-out, as shown in Fig. 3(b). For an academic study of device opera-

tion, the floating gate can be partially exposed and a potential probe
can be placed nearby. '

In conclusion, it has been demonstrated that the controlled field
emission to the buried “foating” gate may be capacitively induced by
pulsing the outer gate electrode. This combination can therefore, be
used as a memory device, with holding time as long as the dielectric
relaxation time of the gate structure and with continuous nondestruc-
tive read-out capability. There seems to be no inherent reason why

read-in read-out cannot be performed in a very short time, say in the
nanosecond range or even shorter. ' ;

We wish to acknowledge helpful discussions and technical assistance
rendered by M. P. Lepselter and P. A. Byrnes in connéction with ZrQOs,,
and skillful fechnical assistance given to us by G. P. Carey and
A. Loya, and J. F. Grandner and his group.
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A NEW FLASH E2PROM CELL USING TRIPLE POLYSILICON TECHNOLOGY

FUJIO MASUOKA, MASAMICHI ASANO, HIROSHI IWAHASHI, TEISUKE KOMURO
and SHINICHEI TANAKA

INTEGRATED CIRCUIT DIV. TOSHIBA (CORP,
KOMUKAI 1, SAIWAIKU, KAWASAKI 210 JAPAN

. ABSTRACT

A new Flash Electrically Erasable-
PROM cell with single transistor per bit
as sameé as conventional UV=-EPROM(1l){2) and
suitable for 256K bit F-E2PROM with rather
conservative 2.0um design rule is described.

The cell is programmed by a channel
hot carrier injection mechanism similar to
EPROM, The contents of all memory cells
are 51mu1taneously erased by using fielgd
emission of electrons from a floatlng gate
to an erase gate in a flash. The F-BE2PROM
cell with single transistor per bit con-
sists of three layers of polysilicon with
select transistor,.{3) (4)(5)

Programming is lOmsec per bit as same
as UV-EPROM. Good eyasing characteristics
is cbtained with 550A of oxide thickness
between floating gate and erase gate.

INTRODUCTION

Conventional UV-EPROM is disadvanta-
geous in that a package with window is very
expensive as compared with plastic package.
One time EPROM with plastic package can not
test reliability after packaging. Con-
ventional E?PROM with two transistors per
cell is difficult to get high packaging
density over UV-EPROM. (6}

. This new F~E2PROM overcomes their

dlsadvantages. Using this new cell, the
F-E2PROM can get high reliability because
of rejecting failed devices of stored
charge with burn-in test after plastic
packaging.

The chip size of F-EZPROM also is
similar to UV~EPROM by using the new small
cell and a simple peripheral circuit for
erasing.

CELL STRUCTURE

The ¢ell struecture is shown in Fig.l-
(a) (b} (c). This new memory cell consists
of these layers of polysilicon.

The first polysilicon layer is used as
an erase gate which is located between the

" 464 — IEDM 84

field oxide and the floating gate. The
second polysilicon is used as a floating
gate similar to an UV-EPROM. The third
polysilicon is used as a control gate which
is used as a bit select line at programming
and reading.

The equivalent circuit of the struc-
ture of Fig.l is shown in Fig.2.

The memory cell area is 8.0 x 8.0pm?
with conservative 2.0um design rule and
the chip size is 5.7 x 5.8 mm

The gate oxide thickness between
floating gate and channel region is 500A. .
The thickness of interoxide between float-
ing gate and control gate is 700&. The
thickness of interoxide between floating
gate and erase gate is 550A.

The cell is programmed by a channel
hot carrier injection mechanism similar to
EPROM. The erasure is accomplished with
the first level of polysilicon which
serves as an erase electrode causing field
emission of electrons from the bottom of
the floating gate. In P-E?PROM cell, as
shown in FPig.l-(c) and Fig.2, one part of
channel is controled by the control gate.
The third polysilicon layer is used both
a gate of the selection transister and a
control gate of the F-22PROM cell, This
selection transistor enables F-E2PROM cell
to keep the enhancement mode even if the
floating gate transistor becomes depletion
mede after erasure.

CPERATION AND RESULT

Programing: The memory is programmed by a
channel hot carrier injection mechanism
similar to EPROM. The condition which
enables this new memory cell to program is
shown in Fig.3=-(a), as same as the UV-EPROM
with double polysilicon gate,

Erasing: Erasing is accomplished by the
field emission of electrons from a floating
gate to an erase gate. The erase gate of
memory cell is supplied with the boosted
voltage (VEG) which enables field emission
from the floating gate. This boosted
voltage (VEG) is produced from the program
voltage (VPP). &all of the memory cells are
erased simultaneously by the erase gate

C Firaf 'padx»r m Hadk, VﬂemﬂYﬂ)
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wiich is commonly connected to each other.
Reading: The read data depends con tha
stored electric charges in the floating
gate similar to EPROM. The erased memory
cell, which is not charged electrons in

the floating gate, conducts by applying
voltage to the control gate. The program=—
med memory <¢ell, which is charged electrons
in the floating gate, does not conduct by
applying voltage, as shown in Fig.4.

The virgin memory cell, which is not pro-
grammed yet, has same threshold voltage as
"the erased memory cell, however their gm

is different. The threshold voltage of
F-EZPROM cell is controled by the selection
transistor, however the gm depends on the
value of the stored electric charges in

the flcating gate, even if the memory cell
is erased.

Fig.5 shows the experimental results
of erasing characteristics, The threshold
voltage shift of the memory cell versus
erasing voltage applied to the erase gate
with oxide thickness between the erase gate
and the floating gate as a parameter are
measured. In order to measure the negative
threshold voltage of the F-EZPROM, the
experimental F-E2PROM cells without the
selection transistor are fabricated as
shovn in Fig.5-(b) and {c).

Good erasing characteristies is ob-
tained with 5502 oxide thickness between
the erase gate and the floating gate as
‘shown 1n Fig.5(a)}.

Fig.6 shows a SEM photogragh cf the
¢cross sectlional view of the F-EZPROM cell.

CONCLUSION

A new 256K bit P-E2PROM with conser-
vative 2.0um design rule is reported. A
‘simple cell structure caused small cell
area that is 8.0 x 8.0um?2. A chip size of
5.7 x5,.8mm? 256K F-EZPROM has been devel~
oped successfully using the new memory
cell., It is very likely to realize 1M bit
F-E2PRCM by 5.4 % 5.4pm? call area with
1.2um design rule,
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EVOLUTION OF
NONVOLATILE SEMICONDUCTOR MEMORY
From Floating-Gate Concept to Single-Electron Memory Cell

S. M. Sze
UMC Chair Professor
National Chiao Tung University
National Nano Device Laboratories

Hsinchu, Taiwan, R.O.C.

1. INTRODUCTION

Semiconductor memories constitute about 30% of the world Integrated circuit
(IC) market'. In ten years, they will capture the largest market share with over 50%
of the total IC sales, Therefore, semiconductor memories will stop being looked at
as an auxiliary to the microprocessors (or other logic circuits) and MICIOProcessors
will start being looked at as aids to the optimized and predominant memories on IC
chips.

Semiconductor memories can be broadly classified into two groups: volatile
and nonvolatile’. Volatile memories such as DRAM (dynamic random access
. memory) and SRAM (static random access memory) lose their stored information

once the power supply is switched off. Nonvolatile memories, on the other hand,
can retain their stored information.

The nonvolatile semiconductor memory (NVSM) group includes the
following members® :(1) ROM (ready-only memory) with data permanently written
during manufacturing, (2) PROM (programmable ROM) with data which can be
written only once using fuse or antifuse process, (3) floating-gate memory, (4)
silicon-nitride memory, (5) FRAM (ferroelectric RAM), and (6) MRAM
(magnetoresistive RAM).

- In order to compare the, characteristics and performances of these memories,
we first define twelve attributes of an ideal memory: (1) nonvolatility with long
retention (le., the ability to retain data without power over long period of time,
typically over 10 years), (2) high density (ie., small cell area), (3) low-power
consumption, (4) in-system rewritability, (5) bit alterability, (6) fast read / write, (7)
high endurance (i.c., the ability to maintain the stored information after
erase/program/read cycling), (8) low cost, (9) single-power supply, (10) highly

. scalable(i.e., cell size can be reduced with the minimum feature length), (11)
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ruggedness, and (12) highly integrable with silicon IC technology.

A comparison® of various memories based on the aforementioned attributes is
shown in Table 1. The ROM and PROM are not included, since they can not be re-
programmed. Neither is silicon-nitride memory because of its low endurance and
low retention. The floating-gate memory can be subdivided into three categories:
Flash memory (see Sec.2), EEPROM (electrically erasable programmable ROM),
and UV-EPROM (ultraviolet erasable programmable ROM).

As can be seen from Table 1, no memory has all the attributes of an ideal
memory. For example, DRAM suffers from relatively high power consumption and
a non-scalable storage capacitor in addition to its volatility. SRAM suffers from
low density and volatility. FRAM and MRAM are still in their initial development
stage and the main concerns are their process uniformity and compatibility with
silicon IC processes. We have also included the hard and floppy disks, which
suffer from high power consumption and low ruggedness. The memory that has the
most desirable attributes is the Flash memory in the floating-gate memory family.
In the subsequent discussion, we will concentrate on the dominant NVSM —the
floating-gate memory.

2. HISTORICAL DEVELOPMENTS
2.1 Floating-Gate Concept

The NVSM was proposed* by Kahng and Sze in 1967. The proposal
introduced the floating gate concept for charge storage and nonlinear transport
processes for programming and erasing. From a historical perspective, the 1967
proposal recognized for the first time the possibility of rewritable NVSM devices.

Figure 1 shows the cross-sectional view of the first NVSM with a floating
gate M(1). The basic operations of programming (e.g., Fowler-Nordheim
tunneling), storage, and erase (e.g., reverse FN tunneling) are shown in Fig.2. If the

-

Table 1. Comparison of Memory Attributes’.

Astribute Device | DRAM | SRAM | Flush {EEPROM| UV- | FRAM | Hard | Floppy
EPROM Biak Disk |
1. Noavalatliity — — v v v v v 4
2. High density v - v - ’ v v —
3. Low power —_ — v v v v — —_
4. la-system rewritabitity v v v v —_ v v v
5. Blt aiterability v v — v — v v v
6. Fast resdhwrite v v v v v v —_ —
1. High endurance v v v v —_ v v v
8. Low cost v - v — v - v v
9. Slogle-power supply v v v v — v v v
10. Hlghly-scalable T — v —_ v v —_ _
Il. Ruggendnens v v v v v v — -
12. Highly Integrable v v v v 4 — —_ —
Toial Desirabls Attributes 9 7 Il 9 3 10 7 §
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Fig. 1 Cross-sectional view of the first proposed nonvolatile semiconductor
memory with a floating gate in 1967. (Ref. 4).
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£ Direct Tunneling)
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tey (CFY)

{b) Storage Mode

(¢) Erasa Mode
{FN or DT)

Fig. 2 Programming, storage, and erase modes for the floating-gate mefnory.

(Ref. 4).

insulators I(1) and 1(2) are suﬁ'lcmntly thick, the charge in the ﬂoatmg gate can be
stored for a long time.

An experimental device was also made using SiO, as I(1), Zr as M(1), and
Zr0O, as I(2). When a voltage pulse of 50V with a pulse duration of 0.5 s was
applied to the control gate, M(2), about 10"* electrons /em® were transported to
and stored in the floating gate The stored charge caused a large threshold voltage
shift, and the device was “on” with a channel current of 0.25 mA. When a large
negative pulse was apphed to the control gate, the stored charge was depleted and
the device was “ off ” as shown in Fig.3. From the slope of the “on” state, this
NVSM can store information (i.e., charge) for a few hundred milliseconds. This
result can be considered as the first demonstration of the EEPROM operation.
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Fig.3 First demonstration of the operation of an electri.cally erasable
programmable read only memory (EEPROM). (Ref. 4).

2.2 Early Device Structures

In 1971 Frohman-Bentchkowsky developed the FAMOS?® (floating —gate
avalanche-injection MOS) shown in Fig. 4a. This structure is an EPROM and has a
floating gate but no control gate. The stored charge in the floating gate came from
injection of hot electrons generated at the avalanche region near the drain. Since
FAMOS has no control gate, the stored charge can not be erased electrically. One
has to use ultraviolet light to do the erasing.

In 1976, Iizuka and his coworkers studied the SAMOS“ (stacked gate
avalanche injection MOS) shown in Fig. 4b. This structure is an EEPROM, and it
looks essentially the same as that in Fig.1. However, the injection mechanism is due

source foating gels

draln

In 1971
FAMOS (Floating Gate
Avalanche Injection MOS)

In 1976
SAMOS (Stacked Gate
Avalanche Injection MOS)

Fig. 4 Two early floating-gate memories, (Ref. 5 and 6).
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to avalanche instead of Fowler-Nordheim tunneling. Because of the relatively thick
oxide between the floating gate and the channel, a substantial improvement of the
retention time was obtained. However, for a typical EEPROM operation, we need
two devices per cell, i.e.,, an EEPROM and a selection MOSFET. Therefore, the
cell size is relatively large. .

In 1984, Masuoka and his coworkers developed the Flash memory’ In its
erase operation, a whole block is erased, thus the name “Flash”. The top and cross-
sectional view of a Flash memory are shown in Fig.5. Since there is only one
device per cell, Flash memory has the advantages of higher density, lower cost, and
higher scalability compared to the EEPROM. _

All early NVSMs were not very reliable. They all suffered from low
endurance and poor retention. This is expected, since the injection (or reverse
injection to remove the stored charge) mechanisms of the avalanche process and
Fowler-Nordheim tunneling generally cause reliability problems in conventional
MOSFETs. For example, hot-election trapping in oxide or the time-dependent
dielectric breakdown (TDDB) in oxide may induce leakage currents; this, in tum,
may result in poor endurance and low retention.

To improve the reliability, the programming voltage for Fowler-Nordheim
tunneling can be reduced by using thinnér oxide between the floating gate and the
channel. The programming voltage for hot-electron injection can also be reduced
by using the channel-induced substrate electron injection (CISEI)* process shown
in Fig.6. The injected current I; is determined by the multiplication M,, creating
holes that ionize in the substrate with multiplication M, and then reach the floating
gate with probability T. For the CISEI process, the programming voltage can be as
low as 2.5 V. Figure 6 also shows a structure with a p-Halo to increase the
generation of channel-induced substrate electrons.

2.3 Flash Memory Structures'_ _

Figure 7 shows the world NVSM market since 1980. Notice that the market
share of the Flash memory has increased rapidly since 1990. At present, it has

eclipsed both EPROM and EEPROM to become the dominant NVSM with a
market share near 70%. :

Draln | rAl 7
Floating gala J _.l %

- {2nd poly ST 72
N
AR

Control gale_S i A e R
(oed oty S N
Soyrca —— Z

oxide

Va
zzmq

Vs

Fig. 5 The Flash memory proposed in 1984. In the erase operation, a whole
block is erased, thus the name “Flash”, (Ref. 7).
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Fig. 6 The gate current I; is determined by the multiplication M,, creating
holes that ionize in the substrate with multiplication M,, and then reach
the gate with probability T. (Ref. 8). -
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e
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> 88%

01980 1985 1990 1993 2000
Fig. 7 World NVSM market, By Year 2000, Flash memory will have nearly
90% of the market share. ,

- The key reason for this dominance is its small cell size. Figure 8 shows a
comparison of cell sizes of various memory devices versus minimum feature
length®. SRAM with six transistors (or 4 transistors and 2 load resistors) has, of
course, the largest cell size. EEPROM with a selection transistor is also quite large.
DRAM is approximately 50% larger than the Flash cell became of its storage
capacitor. By using a shallow-trench isolation (STT) approach, a Flash memory can
have very small cell size'. For example, at a 0.25 e m design rule, the cell area is
0.31 £ m?, and at 2 0.18 12 m design rule, the cell size is only 0.16 zm*. A process
flow of the STI-cell is shown in Fig.9.

Excellent endurance characteristics have been obtained for the STI cell with
9 nm oxide between the floating gate and the channel. The upper threshold voltage
remains at 1.5V and shows no change at all after 10° program/erase cycles, while
the lower threshold voltage varies from -2.0V to —1.6V. This memory is expected
to maintain an acceptable threshold voltage window of 2V at least to 10°
program/erase cycles. '
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Fig.8 Memory cell size versus minimun feature length for various memory
devices. (Ref. 9). '

The Flash memory has many different cell designs''. These designs can be
divided according to data-access and data-write organization. Arrays that have
random access and random program (parallel) are consistent with embedded
applications (see Sec.3), while page read and page program (serial) are consistent
with mass-storage applications. For programming operations, the different designs
use either hot-electron injection or Fowler-Nordheim tunneling. For erasing,
Fowler-Nordheim tunneling is used for all designs. In the parallel architectures, we
have the asymmetrical contactless transistor, divided bit-line NOR, and common
ground standard NOR. In the serial architectures, we have the high-capacitance-
coupling-ratio cell, triple-poly virtual-ground cell, and split-gate cell. : :

2.4 Single-Electron Memory Cell

The single-electron memory cell (SEMC) is actually a limiting ¢ase of the
floating-gate structure. By reducing the length of the floating gate, M(1), in Fig. 1,
to ultra small dimensions, e.g., 10 nm, we obtain the SEMC. A cross-sectional
view of . SEMC is shown in Fig.10a. The storage dot corresponds to M(1) in Fig.l.
It is located between the control gate and thé channel. Because of its small size the
capacitance is also very small (~10"*F).

The band diagrams of a SEMC are shown in Fig.10 b. The quantum well (i.e.,
the storage dot) can only accommodate one electron'?. When an electron tunnels
into the quantum well, the potential on the left side is reduced to a level that the
transfer of another electron is blocked. This is called the “Coulomb Blockade.”
Note that these band diagrams are similar to those shown in Fig. 2a and 2b. The
SEMC is an ultimate floating-gate memory cell, since we need at least one electron
for information storage. The operation of 2 SEMC at room temperature was first
demonstrated by Yano et al'? in 1994 using a floating gate with a gate length of
10 nm. Recently a 128 megabit memory using a vertically unified cell structure of
SEMCs has been reported™.
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Fig. 10 Single-electron memory cell. (2) Cross-sectional view of the device. The
floating gate is reduced to about 10nm. (b) Due to the Coulomb
Blockade, the information is stored in the form of a single electron.

Ref. 12)

3. MAJOR APPLICATIONS
3.1 Embedded Memory

NVSM can be integrated with logic systems (e.g., microprocessors) to form
systemns-on-chip. Such IC chips can have a wide range of applications including'*:

(1) Automation: laser printer, ink jet printer, hard disk drive, copier.
(2) Automobile: power train control, automatic breaking system,
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instrumentation, navigation.

(3) Communication : cellular phone, cordless phone, paging, cable TV-set
top box. i

(4) Consumer: camera, camcorder, audio recorder, smart card.

(5) Industry: servo control, motor control, bar code reader.

An example of the embedded memory system is the cellular phone. A block
diagram for such system is shown in Fig.11. A Flash memory is embedded in the
microcontroller unit along with a microprocessor, a RAM, and a timer". Another
example is the single-chip multi-media personal computer which has a Flash
memory BIOS (basic input and output system) and a Flash disk controller.

3.2 Mass Storage

The hierarchy of memories in a computer system has five levels: the register
in the central processing unit (CPU), cache memory, main memory, hard and
floppy disks, and magnetic tape'®. The register in the CPU, cache memory, and
-main memory are generally volatile memories. On the other hand, the hard disk,
floppy disk, and-magnetic tape are nonvolatile memories. As we move up the
hierarchy (i.e,, from magnetic tape to the register in CPU), the access time
becomes faster; and as we move down the hierarchy, the memory capacity
increases. As a resuit, the market for hard and floppy disks is about five times
larger than that for DRAM. o

Table 2 shows a comparison of NVSM with hard disk for portable-computing
storage'’. We note that the Flash solid state disk is 70 times faster in access time,
200 times lower in power consumption, 26 times lighter in weight, 29 times
smaller in size, and 100 times better in ruggedness than a hard disk. At the present
time, the only advantage of a hard disk is its price. However, the price per Mbytes
of a NVSM is being reduced at a faster rate than that of a hard disk. It is, therefore,
expected that in a few years NVSM will replace most of the hard and floppy disks.

. ! FLASH
RAM memory | |

| A gag

! mcu | a
‘f l Y \i

Timer |wp] GPU32 _
RF [ —J Dlsplaﬂ
A \ ' e
Channef | . (Spaech | | Audlo
> F ™ Codec [ Codec ™1 Codec ——[||

Fig.lll A block diagram of a cellular phone with Flash memory. (Ref. 14).
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Table 2. NVSM versus hard disk for portable-computing mass storage'”.

Memory Nonvalatile Memory Magnatle Disk Ratlo
Feature {Flash Solid State Disk) {25" HDD) HDDIFSSD
Access Time (ms) 0.2 i4 70
Powsr Consumption 2.002 0.4 200
{Watt-hours fhow)
Welight (g/Mbytes} 0.15 P 28
Volume 0.1 .29 29
{em’Mbytes) )
(Operating Shock)! 0,001 o4 100
{11Gs)
Price ($/Mbytes) _ -1 ~0.2 0.2

3.3 Technology Drivers

The electronic industry is the largest industry in the world with global sales
over US$1,000 billions. The foundation of the electronic industry is the
semiconductor industry: Figure 12 shows the sales volumes of these two industries
in the past ten years and projects the sales to year 2010. If the current trends
continue, the sales volumes of the electronic industry and the semiconductor
industry will reach $3000 billions and $500 billions, respectively, in year 2010.

Also shown in Fig.12 are the sales volumes for DRAM, SRAM and NVSM.
The global sales of NVSM is about $6 billions with an impact on the system level
well over $100 billions. NVSM bas surpassed SRAM in 1996. If it maintains a
35% to 45% annual growth rate, NVSM will surpass DRAM in about 5 years to
become the dominant memory for the electronic industry. :

10000 = . 10000

- ;
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2 f ELECTRONICS ( 9%)
= 4qooop 4 1000
m E
w F 3
- : SEMICONDUCTOR (15%)
[-+] . »,
£ ook (45%) NYSH B5°%) ) 449
= . Nt
=]
=
3 io ¢ 10
= 3
3 :
. SRAM (14%)
1 i L i - L 'y n " o 1 > " " " i e ol i . 1
1999 19495 2000 2003 2010

YEAR

Fig. 12 Sales volume of electronic industry, semiconductor industry, DRAM,
SRAM and NVSM. Sales of the NVSM have surpassed SRAM since
1996, and will surpass DRAM in 5 to 10 years.
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The growth curves for different technology drivers are shown'® in Fig. 13. At
the beginning of the modemn electronic era (1950 to 1970) the bipolar transistor
was the technology driver. From 1970 to 1990, the DRAM and microprocessor
were the technology drivers due to the rapid growth of personal computers and
advanced electronic systems. Since 1990, NVSM has been the technology driver.
This is because of the rapid growth of portable electronic systems such as the
cellular phone, notebook computer, smart card, etc, which need mémories having
the most desirable attributes.

4, CONCLUSION

We have presented a bnef review of the historical developments of
nonvolatile semiconductor memory (NVSM) and projected its trends to year 2010.
In the past 30 years, NVSM has emerged from a simple floating-gate concept to a
multi-billion-dollar industry. A key member of NVSM family is the Flash
memory which has captured about 70% of the NVSM market. The ultimate Flash
memory is the single-electron memory cell, which may serve as a building block
for 1 Tb (10" bits) nonvolatile memory.

Because of its attrbutes of high density, low-power consumption,
nonvolatility, and electrical rewritability, NVSM has become the dominant
memory for portable electronic systems such as cellular phone, notebook
computer, smart IC card, etc. NVSM has surpassed SRAM in sales volume. It is
now poised to eclipse DRAM’s market share and to replace hard and floppy disks
in the near future.

Market Slze { Arbitrary Unlt)

1950 1970 1890 2010 Y Yr.'ar

Fig.13 NVSM has been the technology driver since 1990. (Ref. 16).
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