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'_sznxconnucmon INTEGRATED CIRCUIT AND NONVOLATILE

MEMORY ELEMENT

BACKGROUND OF THE INVENTION

1. Filed of the Invention

The present invention relates to a semiconductor
integrated circuit having electrically erasable and
programmable nonvolatile memoiy elements, and relates,

for example,“to téchniques which are effective when

"applied to a semiconductor integratéd\gircuit having a

nonvolatile memory wherein two nonvolatile memory

elements are used as a storage unit.

2. Description of the Related Art:

In recent years, as a mémory_device in which
data or program-constitufing data are stored, public
attention has béeh riveted to a flash EEPROM
(hereinbelow, termed “flash memory”) considered as a
nonvolatile storage device from/ihto which stored

data/data to be stored are electrically

_erasable/programmable collectively in predetermined

anits. The flash memory has its memory cells

.configured of electrically erasable and programmable

‘nonvolatile memory elements, and it is capable of

erasing data or program-constituting data once written

into the memory cells and rewriting (programming) new
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data or program-cohstituting'data into the memory

cells.

~ Therefore, in the presence of, e. g., aitering
data, cbrrecting the bugs of a prbgram or_updafing a
program after a flash memory or a macfocomputer haVing

a built-in flash memory has been assembled into an .

application system, data or data constituting the

program as stored in the flash memory can be altered, .

.80 that a term for the development of the application

system can be shortened, and that the flexibility of

the  development of the program_of'the application

- system is enhanced.

On the other hand, in recent years, note has

also been taken of a system semiconductor- device

{hereinbeldw, also termed ”system LSI”) wherein one

system can be constructed of a single semiconductb:

integrated circuit device by forming on a single

- e ) . o : . R
semiconductor substrate a central processing unit

(hereinbelow, also termed “CPU”) as a data control

device, a dynamic random access memory (hereinbelow,

also termed “DRAM”) as a large-scale storage device, a

static random aCCess-memory‘(hereinbelow; also termed
“SRAM”) as-a high-speed storage device or cache
memory, and other functional circuits. Suéh'a system

LSI is effective for'reducing the.Size of a printed
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circuit board or packagihg circuit board, etc., and

especially for reducing the size and lightening the

weight of a pdrtable telephone éet, a portable data
terminal, or the like poitable equipment.
Incidentally, after the gompleﬁion of the
present invention, the inventor§ investigated into
known examples from a viewpoint-A and a viewpoinf-B
stated below,. . . o
The viewpoint-A is that a polysilicon gate of

single layer is used for fofming the memory cell;qf a

A-nonvqiatile memory, while the viewpoint-B is that two

memory cells are utilized in differential fashion.
As a result, regarding the viewpoint-A,'there

have been found out the official gazette of U. S.

Patent No. 5,440,159, the official gazette of U. S.

Patent No. 5,504,706, the official gazetté of Japanese
Patent Application Laid-open No. 212471/1992 (the

official gazette of cqrféSponding U. S. Patent .No.

- 5,457,335), and Oosaki et al., “A single Ploy EEPROM

Cell Structure for Use in Standard CMOS Processes”,
IEEE Journél of solid sate cifcuits", VOL. 29, NO. 3,
March 1994, pp311-316. .

on the other hand; regarding*the viewpoint-B,-
there have Seen found out the official gazettes of

Japanese 'Patent Applications Laid-open No.
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163797/1992, No. 263999/1989, No. 74392/1992, No.
127478/1992, No. 129091/1992 and No. 268180/1994;1and
the official gazette of U. S. Patent No. 5,029,131.
By the way,'thefofficial gazette of Japanese
Patenf.Appliéation Laid-open No. 212471/1992 discloses
also a technique which utiiizes an electrically
programmable nonvolatile memory kEPROM) as a remedy
circuit fdr a read only memory (ROM).: Further,'the
official gazeﬁte contains the -statement that the
nonvolatile memory element of éingle-layer gate
structure according ‘to this invention can.be utilized
also as an eleétrically progfaﬁm&ble and erasable
nonvolatile meﬁory element which executes programming

with hot carriers and executes erasing with a

‘tunneling current by applying a high voltage to a

source or a drain,_or'which executes programming and
erésing with tunneling currents.

) ' )

SUMMARY OF THE INVENTION
- The documents found out by the investigation

into the known examples have not disclosed at all the
viewpoint thét nonvolatile memory cells each employing
é-single polysilicon layer aie utilized in a
differential form, a viewpoinﬁ concerning fhe

relationship between the initial threshold voltage of
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the memory cells (the threshold voltage in a thermal

-eQﬁilibrium state) and a word line potential in a data

readout mode, in the case where the nonvolatile memory
Eélls each employing the single polysilicon layer are
utilized in the differential form, and so forth.

In addiﬁion, the.foliowing'facts have been
revealed by the inventors: |

it has been found out by the inventors that even
the memory cell structure in the differentiai form has
the first pfoblem that the occurring rate of readout

faults ascribable to the deterioration of charge .

. retention characteristics:a:e greatly affected by the

states oflah initial thréshold'voltége under which
quite no charge exists in a.fléating gate, threshold
voltages in write and erase states,'ahd a word line |
potential_in a readout operation. Incidentally, Figs.

12 and 13 to be referred to below do not belong to

known techniques, but they are drawings created by the

inventors in order to facilitate the understandihg of

the presént’invention.

Shown in Fig. 12 is the threshold voltage
diStributiOn of memory ceils in the case where the -
initial threshold voltage (Vthi) is set cbﬁparatively
high. By way of éxémplg,.the initial threéhold_

voltage (Vthi) is set higher than the average value
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~to develop. On the other hand, an electric field in

between a low threshold voltage (VthL) as in the erase

state and a high threshold voltage (VthH) as in the

‘'write state. The readout word line potential'(Vread)

is set in the medium range between the low threshold
voltage (VthL) and the initial threshold voltage

(Vthi). In the set state, the voitage difference

 between the -initial threshold voltage (Vthi) and the |

. high threshold voltage (VthH) under which electrons

are acchmulated in the floating gate is small. That

. is, the guantity of accumulatedlcharges.is small, .and

a retaining field strength which is applied to a

“tunnel oxide film in a retention state is low. As.a

result, the fall of the threshold voltage attributed

.to charge leakage from the floating gate is difficult

;

the direction of injecting electrons into the floating

.gate is applied to the tunnel oxide film of the memory

cell of the low threshold voltage (VthL) by the word
line voltage in the readout operation, so that the
riseﬁbf the threshold voltage or a so-called “charge

gain” develops. On this occasion, the undesirable

‘rise of the threshold voltage mounts up to ‘the initial

'threshoid'voltage (Vthi);'so.that when the threshold

voltage has become higher than thé.readout word line

ipotehtial (Vread), data is inverted to incur a readout
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fault. It has accordingly been revealed by the

inventors that the characteristics as shown in Fig. 12

are comparatively good at the data retention, but that

-they are less immune against the chargé gain.

Contrariwise to the above, Fig. 13 shows the

' threshold voltage distribution of memory cells in the

case where the initial threshold voltage (Vthi) is set

comparatively low. By way of example, the initial

- threshold voltage (Vthi) is set lower than the average

value between the low threshold voltage (VthL) and the
high threshold voitage'(VthH). The readout word line-
potential (Vread) is set in~the_mediﬁm fange between
thellow threshold voltage.(VthL)—and the initial
threshold voltage.(Vthi)., In the set state, the

voltage difference between the initial threshold

voltage (Vthi) and the low threshold VOltagé.(VthL}'

under ‘which electrons are not accumulated in the

floating gate is small, and the chargé gain based on

' the word line voltagé in the readout operation is

‘difficult to occur. On the other hand, the memory

cell of the high threshold voltage (VthH) has a large
voltage difference from the initial threshold voltage
(Vthi), so that the quantity of accumulated charges is

large, and that the retaining field ‘strength which is

- applied to the tunnel oxide film in the retention
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. state is high. As a result, the undesirable fall of

the threshold voltage attributed to the charge leakage
from the floating gate is liable to deve;op. On this
occasion, the undesirable fall of the threshold
voltage mounts up to the iuitial threshold voltage

(vthi), so that when the threshold voltage has become

lower than the readout word 1ine'potentia1 (Vread),

data is inverted to incur a readout fault. It has
been ‘found out by the 1nventors that the
characterlstlcs as shown in Flg. 13 are immune agalnst
the charge gain and can produce-a comparatlvely large
readout current owing to the large dlfference between -
the low threshold voltage (VthL) and the readout word
line potential (Vread), but that they are not good at
the data retention.

As the second.problem, there is also the problem

that, with memory cells of floating gate/control gate

vertically—stacking structure, namely, memory cells of

stacked gate type, the manufacturing cost thereof
increases due to the complicated'memory cell
structure. Especially in a so-called “system LSI

(Large Scale Integration)” product in which a flash

‘memorj is merged with a high-speed logic circuit, a

DRAM (Dynamic Random Access Memory), or the like and

whose market is rapidly expanding in recent years, it
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brings about the in¢rea$e of the manufacturing cost
ihéreof to adopt the stacked gate type memory cells
for the_flash'memory. ‘According to the inventors’
study, this is caused by incréases in the nﬁmbers of

photo-masks and manufacturing steps as will be

‘explained below. Since the tunnel oxide films of the

flash memory are thicker than the gate oxide ‘films of
tranSistors for the logic cirduit_Or the géte oxide
films of the tran51stors of DRAM cells, there are
required a mask for separately formlng the tunnel

oxide films, a mask for adding and working poly31llcon

'films for the;floating gates of the flash memory) a

mask for working the word lines of the flash memory,

an impurity implanting mask for forming the drain

- regions of the flash memory, and 1mpur1ty implanting

masks for forming the low-concentratlon N-type source

and.draln regions and low—concentratlon P-type source
. . N . ]

and drain regions of high-withstand-voltage

. transistors constituting write and erase circuits, and

the number of the masks to be added bécomes, at least,

6. It is therefore difficult in cost to provide an

' inexpensive system LSI for civilian goods in which the

flash memory employing the stacked gate type memory |
cells is packaged. 1In order to overcome the

difficulty, nonvolatile memory elements of single-



)

10

15

20

25

layer polysilicon gate structuré may be;formed.

It is necessary, however, to also consider theil
relafionship of the thickness of the gate oxide films
of thé,nonvoléti;e memory élements of the single-layer
bolysilicon gate structﬁre ﬁith the thickness of the

gate oxide films of the MIS transistors of any other

circuit which is packaged together with the

nonvolatile memory elements. According to the
inventors’ study, the limit of the number of times of
réwritiﬁg the nonvolatile memory element'correlatgs

with the thickness of the gate oxide film;‘aﬁd the

gate oxide film should better be thickened in order to
‘moderate the proceeding of the deterioration of the

information retention capability of the element. 1In

order to avoid compiicating the manufacturing process

- of a semiconductor integrated circuit, however, it is

considergd desirable to make the thickness of the gate
oxide film in thelnonvolatile'mehory element of the
single-layer,gate structure common'with.that of the
gate oxide film of the MIS tréhSistor of the other
circuit. -

| ‘An object of_the.present invention is to provide‘
a semiconductor integrated circuit which can

remarkably enhance a long-term information retention

capability based on a-memory cell includihg a pair of
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nonvolatile memory elements in a differential form.
Another object of the presenﬁ invention is to
simplify the device structure of a semiconductor

integrated circuit in which an electrically

progiammable nonvolatile memory is merged_and

packaged.
Still another object of the present invention is
to.provide'a'semiconductor integrated circuit in which

a nonvolatile memory is péCkaged, the nonvolatile

- memory being .in a 2—cell$/1-bit'differential form

adapted to conspicuously lower the occurring rate of
readodt faults without Addiﬁg any new process to
ordinary'1ogic'circuit‘ﬁrocesses_or general DRAM
processes. | |

.-Yet another object pf the present invention is
to provide'a techﬁique accqrding to which flash~ﬁemory
cells each including a single-layer polysilicon gate
afe-utilized as a remedy circuit for a memoty module
or a memory circuit formed in a semiconductor de&ice.'

- The above and other objects and novel features
of the'present-invention wiliibeésme;apparent'from the
description of this specification and the accompanying
drawings. |
. Typical ones of inventions disclbsed in the

present application will be briéfly summarized below.

- 11 -
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[1] The firstzviewpoint consists in that the
differéntial conhection form of nonﬁolatilé-memory
elements is adopted for the memory cell of.a
nonvolatile memory, and that the initial threshold
voltage of the nonvolatile'memory eleﬁents is:
determined considering the operatingapoint of a sense
amplifier and a selection #oltage for a word line.
More_speéifically, with regard to a semiconductor
integrated circuit inclunding a nonvolatile memor?

(113,.114 or 115) which'compfises a nonvolatile memory

cell (131) including a pair of nonvolatile memory

elements (130) each having a source (ST3), ‘a drain

- (DT3), a floating gate (FGT) and a control gate (CGT),

the pair of control gates sharing a word line (WL),

“the pair of drains being respectively coupled to a

pair of complementary data lines.(DLt and DLb), and in
which information items read out on said pair of
complementary data lines in aéco;dance with mutually
different logical states or different_threshold
voltagé states-ofisaid pair of'nonvolatile memory
elements are differentially amplified by a sense
amplifier (143); a selection voltage (Vread) which is
applied to said word line'for the pufpdse'of thé

information readout from said nonvolatile mnemory

_elements and an initial threshold voltage (Vthi) of

- 12 -
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said nonvolatile memory.elements are substantially

equalized to each other. By way of example, the

-difference voltage between both the voltages'is set at

a voltage (for exampie, a voltagg_oflso mvV) being

smaller than the voltage width (Avth) of an input

- voltage range within which the sense amplifier is

subjected to a transient resporse operation (that is,

.the so-called “high Sensifivity range” of the sense
amplifier). More desirably, when the mutually
. different logical states of the pair of nonvolatile

| memory elements are determined by the relatively low

threshold'vbltage state of one nonvolatilé'memOry'

" element and the relatively high threshold voltage

" state of the other nonvolatile‘memory'element, the

initial threshold voltage is set'at a voltage which is
near the aﬁerage value of the relatively low threshold.
voltaée'(Vthﬁ) and the relatively high threshold '
voltage (VthH). . , _ :

In a charge holding state, the high threshold

voltage (VthH) of the nenvolatile memory element

-gradualiy aéproacheé the initial threshold-voltage
'(Vthi) in a thermal equilibrium"étate, on account of

charge leakage ascribable to the electric field of the

élément'itself as is applied to the tunnel film

.thereof, while the low threéhold voltage (VthL)

- 13 -
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gfaduaily approaches the initial threshold vpltage
(Vthi)lin ﬁhe thermél equilibrium state, on account of
an electric field in a charge gain direction
attributed to the word line se;ecﬁionlvoltage'(Vread)
in the readout mode. As desé:ibed abéve, the initial
threshold voltage (Vthi) and the readout word line
selection voltage (Vread) are set td be sﬁbstantially
equ;1 within the raﬁge of the voltage width within
which the sensitivity of the-sénse.amplifier is high.
Thus; even if one nonvolatiie memory elemen%fhas
tutned'faulty due to the gradual'fall of the threshold
voltage of the nonvolatile:memory element having the-

high threshold voltage (VthH) or the gradual rise of

the threshold voltage of the nonvolatile memory

element having the low”threShold voltage (VthL), the

threshold voltage of the faulty memory element stops

‘falling or rising in a state which is substantially

]

équal to the word line selection voltage. The faulty
nonvolatile'memory element ié theiefore in the
transient state or intefmediate state between its ON-
state and its OFF state, wheieby'its signal state

transmitted to the sense amplifier through the data

" line brings this sense amplifier into the input state

of-the transient response operation. Accordingly, if

the state of the other noﬁvolatile_memory element is

- 14 -
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normal, there is the very high possibility that the
stored information of the'correctllogical value.beforé
the deterioration can be'obtained by the differential
amplification aétidh of the sénse amplifier. Thus,
the capability of long-term data retention is |
enhanced, and lowering in the rate'of readout faults
can.be reélized.

Especially in case of previously setting the

initial threshold voltage at the voltage near the

average value between_thellow threshold voltage and

the high threshbld voltage, it is possible to

substantial;y eqﬁalize the occurring probability of
faults ascribable to the gra@uél fall of the high
threshold #oltage (VthH) of the nonvolatile memory

element and the bcéurring probability bf_faﬁlts

ascribable to the gra&ual'rise of the low threshold

voltage (VthL) of the nonvolatile memory element,

'ﬁheréby*the retention capability for the stored

~ information can be enhanced to the utmost.

The nonvolatile memory element which can be
produced by a manufacturing process such as a single-
layer poly511100n process, has a MIS transistor |
(MFSn), and a control gate (CGT) Wthh is dlsposed so
as to lnperpose an 1nsulat1ng film between it and the

floating Qate (FGT) of the MIS transistor; The

- 15 -



control gate is formed of ‘an impurity-doped layer; In-
more detail; the-soﬁrce (ST3) and dfain (DT3) are
formed of semicoﬁductor regions of second conductivity
type'which are provided in a semiconductor region
- (121) of first conductivity type,'thé fioating gate is..
formed of a conductive layer (PSi) which is arranged
over a chénhel'defined betﬁeen the source and the'
drain, through a gate insulating film (603), and the
control gate is formed of a_semiconduétor region (122).
of thé second conductivity type which is arranged. |
under the bortion'of the cbnductive”layer extended
from the floating gate, through the gate'insu;ating'
film (G03). | |

For the pﬁrpose of controlling the ﬁhreshold
voltages, an impurity of the first condﬁdtiﬁity'type
is introduced into the floating gate of the
nonvolaﬁile memory eiement‘which'can be produced.by
the manufacturing pboceésvsuch aé the sihgie-layer
polysilicon process, whereby the initial threshold'
voltage of the'nonvolatile memory element is readily
set at the voltage which is approximately the middle
between the high-ﬁhreshold voltage and.the low
threshold voltage. Even in the case of introducing
the impurity as stated above, a CMOS érocess can be

applied to the manufacture'of'the MIS transistors for

- 16 -
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constfucting the nonvolatile membry elements. In an-
alternative caée wheré.thé threshold voltages are
adjusted by the ion implantation of the first
conductivity type impurity into the channel of the MIS

transistor (MFSn), a photo-mask for the channel ion

~imp1antation is added to the CMOS process in the

' manufacture of the MIS transistors (MFSn).

" The nonvolatile memory can be utilized for the

'storage of remedy info:mation for_temedying'the

-defects of a volatile memoty such as SRAM. By way. of -

ékample,”shch an SRAM can construct a cache mémo;y d
ﬁhich is connected to-a central processing unit.
Besides, the noﬁvolétile storage devicé can construct
a part or the:whole of a programmablé logic circuit
whose stored.information determines an output logical
function corresponding to an input.

[2] The second vieﬁpoint consists in thét the

thickness of the gate insulating films of the

‘nonvolatile memory elements is determined considering

the relationship thereof with the thickness of the .
gate insulating films of -any other circuit.. More
specifically, a gate inéulating film being

comparatively thick is adopted for an external

- interface circuit in order to enhance the

‘electrostatic withstand voltage of an input MIS

- 17 =
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transistor whosé gate is connected to an external
terminal. Besidés/ in a semiconductqr.integiated
circuit in which an operating supply voltage such as
3.3 V externally fed is stepped down into the
pperafing supply voltage of an internal cifcuit, the
MIS transistor of an external interface circuit which
operates b& receiving the 3.3.V has a gatefoxide:film

which is thick as compared with that of the MIS

- transistor of the internal c¢ircuit, from the

'standpoint'bf enhancing the withstand voltage of the

internal circuit. With notice taken of "this, in a.
semiconductor integrated circuit (101) in which logic -
cifcuits (109;'107),_nonvolatile memofies (113, 114}_
115) and an external interféce circuit (103) aré

merged and packaged on a semiconductor'suﬁstraté;'the__

gate insulating films (GO3) of the MIS transistors

(MFSn) for constructing the nonvolatile memory

 élements which can be produced_b& the manufacturing_

process such as the singleflayer-polysiliéon process
are equalizéd-in'thickness within the allowable range
of errors ascribable to process deviations, to the
gate insulating fllms (G01) of the MIS transistors
(MIOn) lncluded in. the external interface circuit. In
other words, the gate 1nsulat1ng films of the MIS

transistors for constructlng the nonvolatile memory

- 18 -
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elements and those of the MIS transistors ihcluded in,
the external iﬁterféce circuit are simultaneéusly |
fabricated by utilizing an identical-prbéess or a
common photo-mask. In this manner, the thickness of
the gate oxide films in the nonvolatile memory

elements of the single—layér gate structure is made

-common”ﬁith'the thicknesses of the gate oxide films of

the MIS transistors of the other_ciréuits, whereby the
nonvolatile memory elements (130) can be endowed with
a somewhat long information retention capability by

preferentially avqidiné the complication of the

-manufacturing process of the semiconductor integrated-

ciréuit. .

| In a case where aﬂsatisfaétory information-
retention capability cannot be ensured in point of the
gate insulating'film'thickness when equalizing the
gate insulating film thickness of the nonvolatile
memory elements to'that of the MIS transistors of the
eitérnal interface ci;cuit as explained above, the
memory cell (131) in which the nonvolatilé memory
elements (130) are connected in fhe'differential form
can be adopted. _Further, the information retention
capability can be enhanced still more in such a way

that, as described in the first viewpoiht,‘the initial

‘threshold voltage of the nonvolatile memory elements

- 19 -
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is determined in relations to the sensitivity of the

sense amplifier and the word line selection voltaée

“and also in relations to the high threshold voltage

and Iqw thréshold voltage;of the nonvolatile memory
elements. _ -

Fufther, when notice is taken of the other
cixéuits which are merged aﬂd packaged in the'
semiconductor integrated circuit including the
nonvolatile memories, the thickhess of the gate
insulating fiims of the MIS transistors of the
nonﬁolatile memory elements can be equalized ﬁo'that
of the gate insulating films of the MIS transistors
included in thé_DRAM.. In addition, the gate
insulating films of tﬁe MIS trénsistors.for
constructing fhe nonvolatile memory elements are
forme& to be thicker than thbse of the MIS transistors
included in the logic circuit.

When notice is taken of thé fact that the
nonvolatile memory elements can be formed using the
manufacturing_pfocess such as_the single-layer
polysilicon process, the floating gates of the MIS
transistors constructing the nonvolatile memory
eiements; the gates of the MIS:transiétors included in
the logic circuit,'the gates of the MIS transistors

included in the input/output circuit, and the gates of .

- 20 ~
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the MIS transistors included in the DRAM may be formed
having equal film thicknesses within the allowable

range of errors ascribable to process deviations. -

~ That is, -even with'thé single-layer polysilicon

process or the like single-layer gate process, it is
possible.to obtain the semiconductor integrated
circuit such as the 5ystem LSI in Which the DRAM
formed of the nbnvolatile'memofy being excellent in
the data retention cé?ability,-etc. are simultaneously

merged and packaged.

.BRIEF'DESCRIPTION OF THE DRAWINGS
Fig. 1 is an explanatory view schematically
showing the sectional structures of the nonvolatile
memory elements of flash memories. and MIS trénsistors.

of n-channel type included in an external input/output

" circuit as well as a logic circuit, the memories and
. :

the circuits being merged in a-syétem LSI which is an
example of a semiconductor integrated circuit
according to the present invention;

Fig. 2 is a schematic chip plan view of the

_ system LSI which is the example of the semiconductor

intégrated'circuit according to the present invention;

Fig. 3 is an explanatory view of the erase

. operation of the nonvolatile memory element shown in

- 21 -
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Fig. 1; |
| Fig. 4 is an explanatory view of the write
operation of the nonvolatile memory element shown in
Fig. 1; |

Fig. 5 is.an explanatory view of the réadout
qperation’of-the.nonvolatile_memory e}ement shoﬁn in
Figl"l;- |

'Fig. 6 is a circuit diagram showing an examplé

. of a memory cell which is configured of a pair of

nonvolatile memory elements in a differential form;
~ Fig. 7 is a plan layout §iew of the memory cells
in Fig. 6, depicted in device structure fashion;

Fig. 8 is a schemaéic block diagram of a flash

memory which employs memory cells of differential

connection fgrm;

Fig. 9 is a circuit diagram showing a
practicable eiamplé of a sense.a?plifiér which is
provided in the'flash”memorjwin Fig. 8;

Fig. 10 is a graph relevant to the threshold

voltage distribution of the nonvolatile memory

elements, showing the relationship between an initial

-threshold'voltage-and a word line selection voltage;

Fig. 11 is a graph showing an example of the
input/output characteristics of the sense amplifier;

Fig. 12 is a graph showing the threshold voltage

-~ 22 ~
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distribution of a memofy cell in the case where an

initial threshold voltage is set comparatively high;

Fig. 13 is a graph-shoﬁing the threshold voltage

distribution of a memory cell in the case where an

-initiai-threshold voltage is set comparatively low;

Fig. 14 is an explanatorY'diagram showing the
actual ﬁeasurement“values of the rate f .of the faulty

bits of retention faults for different thicknesses of

_tuhnel films, the values being used for computing the

effect of improving the rate of chip faults;

Fig. 15 is an ekplanatory diagram' showing

‘'results obtained by comparing the rates of chip faults

in the present invention and a l-cell/l-bit scheme in
the related art; | | .

Fig.:16 is an explanatory diagram showing
fesults obtained.bf comparing the rate 6f chip faults
of a flash memory of 64 kB which adopts the memory
cells of the differential form configured of the
nonvolatile memory elements in.Fig. 1, with that in
the related art l-cell/l-bit scheme;

Fig. 17 is a vertical sectioné; view of the

essential portions of a device during a process for

ﬁanufacturing the memory cell of the flash memory and

the MIS transistor of the logic circuit in Fig. 1;

" Fig. 18 is a vertical sectional view of the

- 23 -
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essential portions of the device duringﬂmanufacturing
steps subsequent to the process in Fig. 17;

Fig. 19 is a vertlcal sectional view of the

essential portions of the device during manufacturing'

steps subsequent to the process in Flg. 18;

Flg. 20 is a vertical sectional view of the |

: essential portions of the device during manufacturing'

steps subsequent to the process 'in Fig. 19;

Fig. 21 is a vertlcal sectional v1ew of the
essential portions of a deyice during a process for
manufeeturing the‘system LSI in Fig. 2, in a case

where gate'dxide films have two sorts of thicknesses

-and where a CMOS process adoptlng SLngle—layer

poly51llcon gates is employed-

Fig. 22 is a vertical sectional view of the

essential portions of the device during manufacturing

]steps subsequent to the process in Flg. 21°

Flg. 23 is a vertlcal sectlonal view of the
essential portions of the device during manufacturing .
stepS‘subsequent to the process in Fig. 22;

Fig. 24 is a vertical sectional view of the

‘essential portions of the device during manufacturing

steps subsequent to the process in Fig. 23;
Fig. 25 is a vertical sectional view of the

essential portions of theidevice during manufacturing
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. steps. subsequent to the process 1n Flg. 24;

Flg. 26 is a vertlcal sectional view of the -

essential portions of the device during manufacturing

steps subsequent to the process in Fig. 25;

Fig. 27 is a vertical sectional view of the

essential portions of the device during manufacturing

steps subsequent to the proeess in Fig. 26; :

Flg. 28 is e vertical sectlonal view of the
essential portions of the dev1ce durlng manufacturlng_
steps subsequent to the process in Fig. 27;

Fig. 29 is a'verticel sectional view of the
essential portions of the device during manufacturing
steps subsequent to the'process'in Fig. 28'

Flg. 30 is a vertlcal sectional view of the

essent1a1 portlons of the device durlng manufacturlng

: steps subsequent to the process in Fig. 29;

Flg. 31 is a vertical sectlonal view of the

essential portiens of the device during manufacturing

' steps subsequent to the process in Fig. 30;

‘Fig. 32 .is a vertical sectional view of the

essential portions of the device during manufacturing

steps subsequent to the process in Fig. 31;

Flg. 33 is a block dlagram of a microcomputer
which is the second example of the semiconductor

integrated circuit according to the present inﬁention;
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and
Fig. 34 is a block diagram showing a detailed
example in the case where an SRAM in Fig. 33 is

incarnated as a cache memory.

DESCRIPTION OF THE PREFERRED EMBCDIMEﬂTS_
[System LSI] |
Schematically Shown-in Fig. 2-'is a chip plan
view of a system LSI which is an éxample of a

semiconductor integrated cirCuit-acCording to the..

-present'invention. Although not especially

restricted, the system LST 101 illustrated in the
figure is so constructed that a large number of
external connection electrbdes, sﬁch as bonding pads,
102 are arranged at the.peripheral‘édge of a

semiconductor substréte 100, and that an external

- input/output: circuit 103 and ‘an analog'input/output'

]

circuit 104'are.disposed inside the electrodes 102.

_Thé external input/output circuit 103 and the'analog

input/output circuit 104 have an operating supply

voltage which is an external supply voltage of

. relatively high level, such as 3.3 V. A level shifter

105 steps down the external supply voltage to an
internal supply voltage such as 1.8 V. Inside the

level shifter 105, there are a dynamic random access '
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_memory (DRAM) 106, a central processing unit (CPU)

107, a cache memory (CACH) 108, a logic circuit 109, a

phase-locked loop circuit (PLL) 110, an analog-to- -

digital conversion circuit (ADC) 111, and a digital-

. to-analog conversion circuit (DAC) 112. Indicatéq-at

numerals 113 to 115 are electrically erasable and

'programmable'nonvolatile'memories; for example, flash

memories, respectiVely; The DRAM 106, CPU 107, LOG

109 and CACH 108 are operated by their operating
supply voltage which is the internal supply voltage,
such aé 1.8 v, fed.from the level shifter 105. The
DRAM 106, hoWevér, steps up the internal supply
voltage so as to form a-word line selection level,
which is used aS'thelopeiating.supply voltage of a
word driver etc. Each of the flash.memories 113 to

115 is operated with the internal Supply voltage in a

‘data readout operation, but it requires a high voltage

. r
in erase and write operations. The high voltage may

be formed by an internal booster circuit, or may well
be fed from dutside'and through a predetermined
external connection electrode in the predetermined

operatipg mode of the system LSI, such as the EPROM

writer mode thereof to be_stated later..

The flash memory 113 is utilized for storing the

remedy information (control information for replacing
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faulty memory cells with redundant memory ceils) of
the DRAM 106, while the flash memory 114 is utilized
for storing the remedy information of the cache memory
108 and is packaged insteadfof a remedying program

circuit based on fuses. The flash memory 115

_constitutes a programmable logic circuit whose stored

information determines the logical function of an

output in response to an input._'By way of example,

'the flash memory 115 functions as a logic circuit in

which results each having been obtained by executing a

predetermined 1ogical operation for the plurality of

bits-of an address signal are held as data beforehand,

so as to deliver a predetermined'logical operation

result corresponding to the combination of the'logical

values of address 1nput signals.

Although not especrally restrlcted the system
LSI 101 includes complementary MIS tran51stors
(insulated-gate fleld effect tran51stors) which are
formed on a single semlconductor substrate such as
single-crystal silicon by single-layer polysilicon
gate processes, and whose gate oxide films have two
sorts of thicknesses. |

‘Although not especially restricted, the external
input/output circuit 103, analog input/output circuit

104, DRAM 106,ﬂf1ash'memories 113 to 115, ADC 111 and
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" DAC 112 include MIS_transistofs each of which has a

gate length of 0.4 um and a gate oxide film thickness

of 8 nm (Tox2) in case of employing 0.2 yum process

| technology. The reasons therefor are that a

comparatively large thickness should desirably be set
for a tunnel oxide film formed of a gate oxide £film,
in order to make the information retention capability

of the flash memory favorable, and besides, that a

certain .degree of Withétand voltage (a withstand'

voltage against the breakdown of the gate 6xide film)

needs to be ensured relative to the operating voltage

" of the MIS transistor. Accordingly, the gate

ingulating films of ﬁhe MIS transistors constituting

the nonvolatile memory elements of.the'flash memories,
those of the MIS tfansistors inéluded in'the external
interface circuit, etc; come to héve equal thicknesses

within the allowable range 6f_errors_ascribable to

'brocess deviations. ‘Although not especially

réstricted; the allowable range of the thicknesses of
the gate insulating films based on thé procesé
deviations is *0.5 nm or so for a target film
thicknéss of 8.0 nm in case of a process whose minimum

working dimension is 0.25 pym to 0.2 um, and it is +0.3

nm or so for a'target film thickness of 6.5 nm in case

of a process whose minimum working dimension is 0.18
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- pm to 0.15 um.

On the other hand, the circuits:whose operating

supply voltage is the cbmparatively low internal

. voltage stepped down, that is, the logic circuit 109,

cache_meméry 108 and CPU 107 include MIS transistors

each of which has a gate length of 0.2 uym and a gate

~oxide film thickness Qf'4 nm (Toxl). Although not

especially restricted, the level shift circuit 105

 inc1udes MIS transistors of both the gate oxide film

thicknesses.

| The gate.electrodes of the respective MIS
transistors having the different gate oxide film
thicknesses are formed of polysilicon layers of
jdentical film thickness. 'Here, the idgntical film

thickness of the polysilicon layers signify film

thicknesses which are equal within an allowable range.

based on process deviations. Althoﬁgh not especially
restricted, the allowable rangé of the thicknesées of
the_gate films'baéed on thé‘process deviatiohs is *10
% or so for a térget_fiim thickness of 30 nm to 200
nm. | _

Thg foregoing gate_o#ide films haviqg the equal

thicknesses can be produced using an identical photo-

-mask, and also the foregoihg polysilicon gates having

the equal thicknesses can be produced using an
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-identical photofmask. In this manner, the thicknésses

of the gate oxide films in the nonvolatile memory
elements of the single-layér gate'structure'are made
common with those of the gate oxide films of the MIS

transistors of the other circuits, whereby the

nonvolatile memory elements of the flash memories- 113

to 115 can be endowed with the somewhat long

information retention capability by preferentially
avoiding the complication of the manufacturing process

of the system LSI 101.

* [Nonvolatile Memory Element]

' Schematically shown in Fig. 1 are the sectional

‘structures of the nonvolatile memory elements of the

flash memories 113 to 115, and the MIS transistors of
n-channel type iﬁC1uded_in the eiternal input/output
circuit 103 as well as the logic circuif 109.

' The MIS transistor MLGA inc¢luded .in the  logic

circuit 109 is formed within a_thype wéll.region 121

- which is formed in a p-type semiconductor substrate

' 120. The p-type well region 121 is isolated by an

element isolation region i23. The MIS transistor MLGn

includes a gate oxide film (Toxl) GOl having a

- thickness of 4 nm, a gate GT1 formed of_ah n-type

polysilicon film having a thickness of 200 nm, a

source ST1 forimed of an n-type region;_and a drain DT1
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'.formed of an n—type region. The MIS transistor MIOn

for the eitérnal input/output circuit is formed within
a p-type . well region 121 ﬁhich'is formed in the p-type
semiconductor substraﬁe 120. The p-type well région-
121 is isolated by the isolation region 123. The MIS
transistor MIOn includes é gate oxide film GO2 (Tox2)
havihg a thickness of 8 om, a gate'GTZ formed of an n~
type'polysilicon film having a thickness of 200 nm, a
source STZ'formed of an n-type region, and a drain DT2
formed of an n-type région.- ._

' The nonvolatile memory element 130 of each of
the flash memories 113 to 115 includes a MIS
transistor MFSn, and a coupling capacitance electrode
dénstituting a-céntrol gate CGT. More specifically,
the MIS'traﬁsistor MFSn is formed within a p-type well.
region (p-well) 121.whiéh is formed in the p~type
semicondud#offéﬁbstrate 120. The p-ﬁype ﬁell region

is isolated by the element isolation region 123. The

'MIS transistor MFSn includes a source ST3 of n-type

region, a drain DT3 of n—typé region, the gate oxide
film GO3. (Tox2) having the thickness of 8 nm as is
provided on a channel lying between the source ST3 and

the drain DT3n, and a floating gate FGT formed of the

n-type poleilicon film having the thickness of 200 nm

as is arranged on the gate oxide film GO3. The
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control gate CGT is an n-type well region (n-well) 122
which is formed in the p-type\semicohductor substrate
120. The n-type well region 122 is isolated by the

element isolation region 123. The n-~type well region

'122 is overlain by the extension portion of the

floating gaté FGT -through the gate oxide film GO3. In
the sectional view of Fig. 1, the floating gaté FGT is
depicted as if it were broken midway between the MIS
transistor MFSn and the'control.gate CGT, but it is
actually forﬁed unitary as shown in Fig. 7 which will
be referred to later. By the way, the n-type well
regibn 122 is formed with an nﬁ-type‘région 203 for
the electrode connection of the control gate CGT.

| Fig. 3 is a view for explaining the erase
operaéion of the nonvolatile meﬁory element 130.  In
the erase 6péra§iq5, the p—typé well region 121 and

the n-type well region 122 being_the control gate CGT

‘are brought to 0 volt such as the grbund-potential,

that is, Vpw = 0 V and Vw;= ov hold;.ajpositive

voltage of"7'V,.that is, Vs = 7 V is applied to the
source ST3; and 0 volt such as the ground pOﬁential,
that is, Vb = 0 V is applied to the drain DT3}'whereby '
electrons are extracted from the floating gate FGT

into the source ST3 by a tunneling current. Thus, the

.threshold voltage of the nonvolatile memory element
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130 as viewed.from the control gate (word line) is
lowered down to, for example,.z V. Consequently, the
state of the threshold voltage of the.elehent 130 is
brdught'into phe erase state. 'As appafent from the
devicé structure of the nonvolatile memory element
130,.£he control gate CGT is formed in the n-type well

regioh 122, so that the word line voltage Vw is not

brought to a negative voltage. 1In the erase

'operation, therefore, the source voltage Vs is held at

Vs =7V relétive to the word line voltage vw 0 .V..
Fig. 4 is a‘view for explaining the write
operation of the nonvolatile memorj element 130. In

the write operation, the p-type well region 121 is

held at 0 V (Vpw

0 V), the n-type well region 122
Being the control gate_(word'line) at 6 V (Vpw = 6 V),

the source ST3 at the ground potential (Vs = 0 V), and

the drain DT3 at 5 V (Vb = 5 V). As a result, hot

- electrons created in the drain DT3 are injected into

the floating gate FGT, and the threshold voltage of
the nqnvolatile memory.element 130 as viewed from the
'con£rol_gate (word line) CGT is raised up to, for
example, 4 V. Consequently, the state of the _
threshold voltage-of the element 130 is'brodght into

the write state. By the wéy, the threshold voltage of

‘the write state of the element 130 and that of the
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erase state'thefeof may well be set reverse to the
above. |

" Fig. 5 is a view for explaining the readout
opet;tibn of the nonvolatile memory element. In the
readout operation, the p-type well region 121 is held

at the ground potential'(pr = 0 V), the n-type well

122 forming the control gate (word line) CGT at 3 V

(Vpw = 3 V), the source ST3 at the ground pofentia1~
(Vs = 0 V), and the drain DT3 at 1 V (Vb =1 V).
Thus, the threshold voltage as viewed from the control'
gate (word line) CGT is decided. The 1 V of the drain
bT3 is the precharge ievel of a daté line to which
this drain is connected. On thié occasion, the

readout word line voltage (Vpw = 3 V) is held at the

middle value between the threshold voltage VthL (VthL

"= 2 V) in the erase state and the_threshdld VOItage

VthHI(VthH = 4 V) in the write state. This point will
ﬁe explained in detail later. | '.
[Memory Cell in Diffefential Connectioﬁ Form]

Fig. G_éxemplifies a circuif diagram of a membry
cell 131 which is configﬁred of one pair of | |
ﬁonvolatile.memdry'elements 136-in a differential

form. .Althdqgh no special restriction is made, the

- two nonvolatile memory elements 130, each of Whicﬁ

includes the MIS transistor MFSn and the control gate
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CGT, constitute the memory cell (unit cell) 131
corresponding to 1 bit. Each of the nonvolatile
memory elements 130 has the source ST3, drain DT3,

floating gate FGT and control gate CGT, and one pair

of .control gates CGT are connected in common to the

word line WL of a corresponding row. The drain of one:
nonvolatile memory element 130(L) is connected to one
data line DLt of a pair of complementary.data lines of

a'corresponding'column, while'the drain of the other

nonvolatile memory element 130(R) is connected to.the

other-data line DLb of the pair of complementary data

' lines of the corresponding column. In addition, the

sources ST3 are connedted to a common source line SL

every group of nonvolatlle memory elements which

constitute an- eras:l.ng unJ.t.

Fig. 7 exemplifies the plan layout of the two
memory cells .shown in Fig. 6. Incidentally, the
section of the nonvolatile memory elements 130 in Fig.
6 correspond ro a secfional view taken along_arrows'A
~ A’ indicated in Fig. 7. |

Referring ﬁo Fig. 7, one memory cell 131 is
indicated by a. broken line, and ‘it is formed of the
elements 130 formed in rhe p~type well region 121, and

the n-type well flow reglon 122 formed in adjacency to

the p-type well region 121 and for formlng the control

- 36 -



10

15

20

25

gates CGT. The outer side of a fectangle denoted by
symbol 123L is the element isolation region 123. The
floating gates FGT aré.formed of polysilicon layers
PSi. The n-type well region 122 forming the control
gates CGT-is connected to a first-alumiﬁum_conductive
layer ALl thrqugh a contact hole CH, and the firsﬁ

aluminum conductive layer ALl is further connected to

- the word line WL made of ? second aluminum conductive

layer AL2, through through-holes TH. The n-type well .
fegion 122 extends along the word line. The pair of

complementary data lines DLt, DLb are formed of the

+ first aluminum conductive layer. The drains DT3 in
‘the p-type well region 121 are connected to the pair

of complementary data lines DLt,'DLb through contact

holes CH. The sources ST3 in the p-type well region
121 are connected to the first aluminum conductive
layer ALl through-a éoniact hole CH; and the fitSt
aluminum conductive layef ALl.is'further connected to
the source line SL made of the second aluminum
conductive layér ALZ, through a through-hoie TH. The
top surface of the elements 130 thus constructed is
entireiy covered with a third aluminum conductive
1aYer AL3 in order to éhield the elements 130 from
light‘for the purpose of the prevention of éoft errors

ascribable to ultraviolet rays etc. Incidentally, a
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capacitance (C2) is formed through the gate oxide film

between the n;type well region 122 to serve as the

control gates (word llne) CGT and the poly3111con

layers PSi to serve as the floating gates FGT. A

coupling ratio, C2/(Cl + C2) which is determined by

the gate capacitance (Cl) of the MIS transistor 130

and the capacitance (C2) mentioned above is set at,
for example, 0.8. As understood'from'Fig. 7, other

ﬁemory cells are arranged around the memofy ce11.131

' soO as to'become mirror-symmetric with respect to two-
~dot chain llnes B, C, D and E. Thus, the memory cells

- are constructed.' In01dentally, it will be readily

unde:étood by one skilled in the art that p-type
regions 300 each serving totset the potential of the
p—typénweilxl21 as.shown'in Figs. 3 to 5 are disposed
at predetermlned 1ntervals under the source lines SL
(AL2) though not illustrated.
[Flash Memory] l.

Fig. 8 illusttatee a schematic_b;ock.diagram of
the flash memory-113 which employs the memory cells
131 1n the differential connection form.

Incidentally, each of the other flash memories 114 and

115 is constructed 51m11ar1y to the flash memoxry 113.

In the memory array of the flash memory 113, the

memory cells 131 are arranged in the shape of a
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matrix. The controlﬁgates of the memofy cells 131 are
coupled to the word lines WL1 to WLn of corresponding
rows, the drains thereof are coupled to‘the_paifs of
compleﬁentary data lines DLtl1l, DLbl to-DLtm, DLbm of
correspondiﬁg columns, and the sourcés ihereof aie
coupled to the source line SLi eVery'efasing unit
block. A row decoder 140 forms a.word line selection

signal in accordance with a row address signal RADD,.

. etc. A word driver 141 drives the word line which is

selected by the word line selection signal. The drive

_lvoltage of the word line is given to the word driver

141 by a word line drive voltégé'switching circuit 142

in accordance with the erase, write or readout

operation for the nonvolatile memory elements 130.

‘ Incidentally, a latch circuit for holding the row

address signal RADD may well be disposed at the input
portion of the row decoder 140. -
Thelpairs of complementary data lines DLtl, DLbl

to DLtm, DLbm are respectively coupled to the

-differential ihput/output_terminals of sense

amplifiers (SA) 143 through equalize MIS transistors
M1l and precharge MIS transistors M2, M3. Symbol Vpc

denotes a precharge voltage, and symbol ¢pc a

' precharge/equaiize control signal. A precharge

voltage switching circuit 149 switches and delivers
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the precharge voltages Vpc in accordance with the

erase, write and readout operations for the.

'nonvolatiie memory elements 130. The operéting.supply

voltage of the sense amplifiers 143 are switched and:

fed by a sense amplifier supply voltage switching

- ecircuit 144 in accordance with fhe erase, write and

readout operatiqn-modes.for the.nonvqlatile membry'
elements 130. Further, the pairs of complementary
data lines DLtl, DLbl to bLtm, DLbm are connected in
common to a pair of complementafy common data'lineS'
CDt, CDb through column selection ﬁIS transistors M4,
M5. ‘A.coluhn.deqoder 145-dec0des a column addréss
signal CADD, and controls one paif of column selection
MIS transistors M4, M5 into their ON states.
Incidéntally,'a.latch circuit for holding the column
addreés signal CADD'may well be disposed at the input

portion of the column decoder 145. The pair of

. . ' .
complementary common data lines CDt, CDb are coupled

to the data input/output'terminals of a main amplifier

146. The main amplifier 146 delivers the differential

- signal of the pair of complementary common data lines

CDt, CDb to outside the flash memory in single-end

fashion, and complementarily drives the pair of

complementary common data lines CDt, CDb in accordance

with the logical value of a write signal received from
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outside the flash memory. The sburce line SLi
switches and feeds sourcé_line voltages dorrespOnding
to the. erase, write and readout operations for the
nonvolatile memory elements 130. A control circuitﬂ
148 executes the entire controls 6f the flash memory
such aé the controls of operation timings and the

selection controls of the respective operating

voltages for the erase, write and readout operations

-~ of the nonvolatile memory elements 130, in accordance

with the plurality of instruction signals CONT of

‘access  operations from outside the flash memory. The

- voltages which are applied to the nonvolatile memory

elements 130 in the erase, write and readout
operations are controlled as described with reference :
to Figs. 3 to 5. Incidentally, the operations
specified bjpthe instruction'signalleONT may weil
include a wiite verify operation and an erase verify .
operation. '
An example of the sense amplifier is shown in
Fié; 9. The sense amplifier.143 has a pair of
complementary MIS inverter circﬁits each of whidh
includes a series circuit-consisting of a p-channel
type MIS transistor M10 and an n-channel type MIS
trénsistor M11l, and it is cbnstrudted as a

differential amplifier circuit in which the input of
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one of the complementary MIS inverter circuits is

coupled to the-outbut-of the other crosswise. The

output of a stpply voltage/writing high voltage

(Vcc/Vpp) swrtchlng circuit 150 is connected to the
_sources of the MIS transistors M10 through a p-channel

type MIS transistor M12, and the: sources of the MIS -

transistors M1l are connected to the ground voltage.
GND (= 0 V) through an n-channel type MIS transistor

M13. The supply voltage/writing high voltage

/(Vec/Vpp) switching circuit 150 delivers a Sﬁpply:.

voltage Vcc = 1.8 V in the readout mode, and a writihg
high VOltage‘Vpp = 5.5V in the hrite operation. Theg'
MIS transistors M12, M13 function as power switches -
for the sense amplifier 143, and a sense amplifier
activation control signal ¢sa-ié fed to the gate of
the MIS transistor M13, while a signal obtained by.-
inverting the sense amplifier activation.control
signal ¢sa by means of an inverter'151 is fed to'the
MIS transistor M13. The sense amplifier activation
control signal ¢se is brought to its high level at a
timing at which the sense amplifier is to be operated.
By the waj, in the erase operation, the sense
amplifier 143 maintains its inactive state, and.the

pair of complementary data lines are held at the

ground voltage (= 0 V) through the precharge MIS

- 42 -



10

15

20

25

transistors M2, M3. |

" The vdltages-df 7V, 5Vand 6 v which are the
high voltages neceésary for the erase and ﬁtite for
the nonvolatile memory elements 130 as respectively

described with reference to Figs. 3 and 4, may be

‘directly inphtted from outside the flash memory,'or

they may well be generated by stepping up the supply

voltage of 1.8 V or the.external supply voltage of 3.3

'V by the use of the internal booster circuit. The

word lihefselegtion level of 3 V necessary for the

readout operation for the nonvolatile meﬁory elements

-130 as desc;ibed with reference to Fig. 5 may be

generated either by stepping up the internal supply
voltage of 1.8 V by the use of the internal booster.

01rcu1t, or by stepping down the external supply

.voltage of 3.3 V by the use- of an internal step—down

circuit.
The stored information of the memory cell 131 is

determined by those logical states of the two

‘nonvolatile memory elements 130 -which are different

from eaeh other. By way of example, the logical value

- *1” of the stored information of the memory cell 131

is obtained by the write state of the left memory cell

130(L) in which the threshold voltage is high, and the

-erase state of the right memory cell 130(R) in which
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the threshold VOltage is low. When thg memory cell
131 in such a state is selected in the readout
6peration; the flash memory in Fig.'s is so operated,
for example, that the data line DLtl keeps'thé
pfecharge level to hold a high 1ével, while thé'data_

line DLbl is discharged. to beéome a low level, that

_the resulting difference voltage is sensed and
‘amplified by the sense amplifier 143, and that the
data of the logical value *1" is delivered outside

-through-the main amplifier 146.

On the other hand, the logical value 0" of the -
stored information of the memory cell 131 is obtained

by the erase state of the left memory cell 136(L) in

_which the.threshold voltage is low, and the write

state of the right memory cell 130(R) in which the

threshold voltage is high. When the memory cell 131~

in such a state is selected in the readout operation,

the flash memory in Fig. 8 is so operated, for .

' example, that the data line DLbl keeps the precharge

level to hold the high level, while the data line DLtl

is discharged to become the low level, that the

'resuiting.differende voltage is sensed and amplified .

by the sense amplifier 143, and that the data of the

logical value “0” is delivered outside through the‘_

main amplifier 146.
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In case,of'writingitne data of the logical value
“1» into the memory cell 131, the nonvolatile mémory
elements 130(L), 130(R) are brought into the erase
states, whereupon only the left nonvolatlle memory
element 130(L):1s programmea into the write state'by
the differential amplification action of the sense
amplifier 143 for the pair of complementary data

Iines,'in.aCCOrdance with the complementary signals of

- the pair of cdmplementary.common data_lines Cbt, CDb

driven to the complementary levels by the write data

-of the logical value “1” inputted to the main

amplifier 146. In case of hriting:the data of the

logical value “0” into the memory cell 131, only_the
right nonvolatile memory element i30(R) is programmed

into the write state conversely to the above, after

- the nonvolatile memory elements 130(L), 130(R) are

brought into the erase states. ,

[Inltlal Threshold Voltage and Word Llne Selectlon

Voltage] .
~ Fig. 10 illustrates the relatiomship between the

initial threshold voltage Vthi of the nonvolatile

memory elements 130 and a selection voltage Vread fof

-the word line. The initial threshold voltage Vthi of

the nonvolatile memory elements 130 is determined

considering the operating point of the sense amplifier
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143 and the word line selection'vbltage Vread. Mdre
specifically, the selection VOltage Vread which is
applied to the wdrdlline WL for the purpose of the .
inféxmatipn readout from the_ﬁonvolatile memory
elements 130 and the initial tﬁreshold voltage Vthi of
the nonvolatile meﬁory elements 130 are substantially
equalized to each other. By way of example, the’
difference voltage between both the'éoltages is sét at
a voltage (for eiample, a voltage of 50 mV) béing
smaller than the voltage width AVth of an inpﬁt
voltage range within which the sense amplifier 143 is

caused to execute a-transient response bpefation'(that

~ is, the so-called “high sensitivity range” of the

sense amplifier 143). Fig. 11 illustrates ah example

of the input/output qharacteristics of the sense

'amplifier 143. The region of the voltage width AvVth

is a range within which both of the .MIS transistors

M10 and M11 constituting theﬂsenée amplifier 143

- operate in their saturation regions. In addition to

thé fulfillment of the above condition, especially the
example of Fig. 10 sets the initial threshold voltage
vthi at a voltagé near the'average value of the low

threshold voltage VthL and the high threshold voltage

~VthH. In the deSCripfiqn of Figs. 3 and 4, the high-

threshold voltage VthH in the write state is 4 VvV, and
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the low threshold voltage VthL in the erase state is 2
V. On this occasion, the initial threshold.voltage
Vthi.and the word line selection voltage Vread in the
readout operation are set at 3 V by way of exampie.

In a charge holding state, the high threshold
voltage VthH of the nonvolatile memory element 130
gradually approaches the initial threshold voltage
vthi in a thermal equlllbrlum state, on account of
charge 1eakage ascrlbable to the.electrlc field of the
element itself as is applied to the tunnel film. On
the other hand, the low threshold: voltage VthL of the
nonvolatlle memory element 130 gradually approaches
the initial threshold voltage vthi in the thermal
equillbrium state, on accouhtlof an electric field in

a charge gain direction attributed to the word line

~ selection voltage Vread in the readout mode. As

described above, the initial threshold voltagé vthi

and the readout word line selection voltage Vread are

set to be-substantially'equal within.the'range'of the

voltage width Avth within which the sensitivity of the

 sense amplifier 143 is high. Thue, even if one

nonvolatile memory element 130(L) or 130(R) of the
memory cell 131 has turned faulty due to the gradual
fall of the threshold voltage of the nonvolatlle

memory element 130 having the high threshold voltage
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VthH or the gradual iise of the threshold voltage 6f_
the nonvolatile memoiy eiemenf'having the low
ﬁhreshold voltage Vthl,, the threshold voltage of the
faulty memory element'i30(L) or 130(R) is brought into
a state which is substantially'equal to ﬁhe word line
selection voltage Vread. The faulty\nonvolatile: |
memory element 130(L) or 130(R) is therefore in the'
transient state or intermediate state between its ON
state and its OFF state, whereby its signal state
transmit;éd to the sense amplifier 143 through the
data 1ine'brin§s ﬁhié.senée amplifier 143 into the -
input state of the transient response operation.
AcCo;dipgly, if the state ofhthe other nonvolatiie

memory element 130 of the memory cell 131 is normal,.

- there is the very high possibility that the stored

information of the correct logical value of the memory

_.cell 131 before the deterioration will be reproducible

!

by the differential amplification action of the sense

'amplifier. Thus, the long-term data :etention

capébility of the memory cell 131 is enhancéd, and
lowéring in the_rate of readout faults can bé
realized. - | _—

Especially in Caseﬁof previously setting the
initial threshqld voltaée Vthi at the voltage near the

average value_betﬁeen the relatively low threshold
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voltage vhtL and the relatively high'threshold voltage
VthH, it is possible to substantially equalize the
occufrihg probability:of feults_ascribable.to the
gradual fall of the high threshold voltage VthH of the

nonvolatile memory element 130 and the eCCurring

‘probability of faults ascribable to the gradual rise

of the low threshold voltage VthL of the nonvolatile

memory element 130. Thus, the long-term retention
capablllty of the memory cell 131 for the stored
information can be enhanced to the utmost.

The "initial threshold  voltage Vthi can ‘be

_ controlled by, for eXample; the ion implantation of a

p—type 1mpur1ty into the floatlng gate FGT because the
nonvolatile memory element 130 is of the n-channel
type, As explained before, the nonvolatile memory
element 136 which can be produced by the single-layer
polysilicon gate process has the MIS transistor, and |
the control gate disposed so as to interpose the
insulating film between it and the_fioatihg gate of
the MIS transistor. For -the pufpose of controlling
the threshold voltages, a p-type 1mpur1ty similar to

that of the p-type. well reglon 121 is introduced into

the floating gate FGT of the nonvolatile memory

element 130 which can be produced by~the single-layer

'polysiiieoﬁ gate process, whereby the initial
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threshold voltage of the nonvolatile memory element
130 is readily set at the voltage which is |
approximately the middle between the high threshold

voltaée and the low threshold voltage. Even in such a

‘case of introducing the impurity, a CMOS process can

be applied to the manufacture of the MIS transistor
MFSn constituting the nonvolatile memory element 130.

In ah alternative case where the threshold voltages

" are adjusted by introducing an n-type impurity into

the channel of the MIS transistor MfSn; a photo-mask
for the channel'implantation is added tqlthe CMOS
process in the_manufacture of the MIs transistors
MFSn.

,-Here, that~lowering oflthe rate of readouﬁl
faults_which is attained by the memory cell structure
of thejdifferential cqnnéction form as in the memory
cell 131 will be described as to'§robabilities¢ As

explained before, the setting Qf vthi = Vread

substantially equalizes the probabilities at which the

faults of the nonvolatile memory elements of the'high

threshold voltage VthH occur due to the threshoid

wvoltage fall and at which the faults of the

nonvolatile memory elements of the low threshold

'voltage VthL occur due to the threshold voltage rise.

As a premiée therefor, there will be derived the rate
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of teadout faults in the case of the memory cell in.
the 2-cells/l-bit form in which 1 bit is configured of
two nonvolatile memory elements. By way of example,.
letting £ denote the probability of faults after 10

years in the case of a memory cell of l-cell/l-bit

;configuration in which 1 bit is configﬁred of one

nonvolatile memory element, the following holds:

State (1): Probability Pa at .which Sofh thé 2 cells

are faultless,

Pa = (1 - £)b(1)

- State (2): Probability Pb at which either of the

- cells is faulty, .

Pb = (1-f) £+£ (1 -£)=2F (1 - £)(2)

State (3): Probability Pc at which both the 2 cells
are faulty, | '

Pc = f*:(3)

Here, |

Pa + Pb + Pc = (1 - £)? + 2f (1.-'- f) + £2 = 1.
holds.ﬂLettihg letter N denéte the total number of
bits of each.chip, a faultless chip has. quite no bit
of the state (3). On this occasion, the N bits ought
to lie in éither the state (1) or the sfate (2). |
Thereforé,'the probability Y of the faultless chip

becomes:

Y = Z, C, Pa* Pb™*-(4)
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and the probability F of.a'faulty chip becomes:

F=1-Y=1-Z C Pa* Pb™*:(5)

:in accordance with the binomial theorem,

Y = 3 C,‘ Pa* pb** = (Pa + Pb)"
= {(1 - £)* + 2f (1 - £)}F
= (1 - £)"

- and hence,

Fo=1- (1= £)"%(6)

holds. Meanwhile, the probability Y’ of a faultless

chip in the case of the l-cell/l-bit scheme becomes:

Y = (1 - £)%(7)

for the reason that even one faulty bit of the N bits

makes the chip faulty, and the probability F’ of the

faulty chip in the case of the l-cell/l-bit scheme

* becomes:

F’ =1 - (1 - f)*---(S)

:Accgrdingly, the improvement factor R of the rate of

the chip faults based on the semiconductor integrated

circuit device of the present invention becomes:

R =Y/¥ = (1 +£) N+(9)

Fig. 14 shows values obtained inisuch a way-that
the percentage ﬁ of the faulty bits of retention
faults used for computing the-effect of improving the
rate of the chip faults as mentioned.above_was

actually measured for different thicknesses of tunnel
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films. Indicated in Fig. 14 are results in the case

where data was not rewritten at all and the ¢ase where

" data was rewritten 10,000 times, and it is seen that

the percentage of the faults was increased

approximately one digit by the rewriting. Fig. 15

- shows results obtained in such a way that the

'prbbabilities_of the faulty chips in the present

invention and in the casé of the l-cell/l-bit scheme

were compared using the above formulae (6) and (8).

"The number of times of rewriting was 10,000, and 16

Mbits and 1 Gbit were assumed as the total numbers N
of bits. According to the contents of Fig. 15; at' the
tunnelffilﬁ thickness of 8 nm, the percentage of the
chip-faults becomes 100% ﬁiﬁh the l-cell/l-bit scheme,
whereas the percentage of -the chip faults can be _
lowered down to abouﬁ 1 pPpm for.the 16 Mbits ahd.ébout
100 ppm even for the 1 Gbit with the 2-cells/1-bit
memory cells of the present 1nvent10n. As elso
understood from the above formula (9), the improvement

effect of reliability exceeding 6 digits can be

 attained by employing the memory cells 131.

Consequently, a flash memery can-be manufactured while
the high rellablllty is ensured, even in the range of
the thicknesses of thin tunnel films having the

thickness of 8 nm or below, the range having been
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uhavailable to the meﬁory cells of the l-cell/1-bit
scheme. This signifies that the gate oxide film of
the trensistor operating with'the.supply voltage'of
3.3 V'can'be directly.used as the tunnel film. Figq.
16 shows results obtained in such a way that the
probabilities of the faulty chips in the present

inventiOn'and in the case of the l-cell/1-~bit scheme

~were compared as to flash memories of 64 kB employing

' the memory cells described above. As seen from Fig.

16, even after data was rewritten 10,000 times, the
percentage of the chip faults is 0.1 ppm at the tunnel
oxide film thickness of 8 nm, and it-is 6 “digits lower.

than in the case of the 1 cell/l-blt memory cells.

[Manufacturing Method]

"Figs. 17 thru 20 illustrate the sectional "
structures.of the nonvolatile memory element 130 of
the flash'memory'and the MIS transistor MLGn of the
logic ‘circuit in Fig. 1, as to the main steps of a

manufacturing process. Inc1denta11y, numerical values

to be mentioned 1n the ensuing description are mere

examples, and they are alterable.
- First, referring to Fig. 17,ja'p-type well

region 121 is formed in a p-type silicon substrate 120

'_having a resistivity of 10Q cm,'in'such a way that,

after a groove type element isolation fegion 123 being
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0.3 pm deep has’ been formed, ion 1mplantat10ns are
carried out to 1mplant B* ions at an acceleratlon
energy of 350 keV by a dose of 1 x 10“/cm., B* ions at
an acceleration energy of 150 keV by a dose ef 2 x
10"/cm?, and BF," ions at an acceleration energy of 50

keV by a dose of 5 x 10*/cm?. Likewise, an n-type well

" region 122 is formed in such a way that ion

o implantations are carried out to implant P’ ions at an

acceleration energy of 500 keV by a dose of 1 x

10*2/cm?, P* ions at an acceleration energy of 200 kev

‘by a dose .of 2 x 10**/cm*, and BF," ions at an’

acceleration energy-of 50 kev by a dose of 3 x
10**/cm?®. A hlgh-Wlthstand-voltage gate oxide film 200
havrng a thickness of 7 nm is grown on the surfaces of
the well regions 122, 121 ‘'by thermal oxidation at a

temperature of 850 °C. Thereafter, a resiét film 201

 having a thickness of l pym, which is open only 1n a’

region ‘where the MIS transistor for the logic circuit

is to be formed; is formed_by_related art lithography,

.and the high—withstand—voltage gate oxide film 200 in

the region where the MIS transistor for the logic
eirCuit is to be formed is removed by wet etching as
illustrated in the figure.

Subsequently, the resist film 201 is removed by

ashing, and the resulting structure is washed.
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‘Phereafter, as shown in Fig. 18, a low-withstand-

voltage gate oxide film 204 (GOl) having a thickness

of 4 nm is grown by thermal oxidation at a'témperature'

. of 850 °C, while at the same time, the gate oxide film

200 is additionally oxidized to form a high-withstand-

voltage gate oxide film 200 (GO3) increased to a

'thickpesslof 8 nm. sThe thickened high-withstand-

~ voltage gate oxide film 200 becomes the gate oxide

film GO3 of the.nonvoiatile memory element.
Thefeafter,.polysilicon is deposited by CVD 1chemical
Vapor Depositisn) at a temperature of 600 °C, and a
polySilicon_film having a thickness of 200 nm, wﬂich.
is implanted with P* ions'at an acceleration enerqgy of
20 keV by a dose of 4 x 10¥%/cm®, is fsrmed by ion
implantation. Besides, a gate electrode 202 (GT1)

worked by related art lithography. is formed.

' Thereafter, source and drain regions 203 are formed in

such a way'that As® ions at an acceleration energy of
30 keV are implanted by a dose of 3 x 10%/cm?, by ion
implantation whose mask is a resist film being 1 um

thick and being open in the regions of the n-channel

-ﬁype MIS transistor (MLGn) among MIS transistors for

the logic circuit and the MIS transistor (MFSn)

constituting the flash memory cell. The regions 203

are used as the sources regions ST1, ST2, ST3 and the
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" drain regions DT1, DT2, DT3.

Further, Fig. 19 illustrates a state where a
silicon oxide film 205 having a thickness of 1 pm is
formed by depositing polysilicon by means of CVD

(Chemiéal Vapor Deposition) at a temperature of 400 °C

~and flattening the deposited polySilicon by means of

CMP (Chemical Mechanical Polishing), and where a first
aluminum conductive layér'206 (ALl) is formed by |
forming contact holeslat the desired positions of the -
£ilm 205, depositing an aluminum'film at a thitkness -

of 500 nm by means of sputtering and working the

. deposited aluminum fiim'by related art lithography.

Lastly, as shown in Fig. 20, a first interlayer
ihsulating film 207 is formed, a fitstlgontact hole is
worked, a second aluminum conducti&e layer 208 (AL2)
is fdrmed, a secpnd interlayer insulating film 209 is
formed} and a third aluminum conductive layer 210

(AL3) is worked. Further, a passivation film is

depoéited and worked though not shown, thereby ﬁo_

' complete the maﬁufacture of the system LSI of this

embodiment in which the flash memory is merged.
~ As apparent also from the schematic
manufacturing process explained above, the gate oxide

film 200 thicker than the gate oxide film 204 of the

'logic circuit 109 is grown, and the nonvolatile memory .
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element 130 can be easily formed by the single-layer
polysilicon process. |

| Now, a maﬁﬁfacturing method in the'case where a
system LSI, in which the nonvolatile memory elements
connected in the differential form are included as a
flash memory.cell, is manufactured using}a CMOS

process, will be described with reference to Figs. 21

to 32. In each of the figutes, “I/0-NMIS" signifies a

domain for forming a MIS transistor of n-channel tYpe'

which constitutes the external input/output circuit

103, “I/0-PMIS” a domain for forming a ‘MIS transistor
of p-channel type which constitutes the external
input/output circﬁit 103; "LOGIC'NMIS” a domain for
forming a'ﬁIs_transiétor of n-channel type which |
constitutes the logic circuit 109, and "LOG;C PMIS” a
domain_fdr-forming~a MIS transistor of p-channel type
whiéh.constitutes the logic circuii 109. 'Besides,-in
each of the=figﬁres, # MEMORY CELL DOMAIN” signifieé.a
domain for forming a MIS transistor which constitutes

the nonvolatile memory_elemént 130. In the memory

. cellldomain, the capacitance in which the control gate

CGT is used as the coupling capacitance electrode is
omitted from illustration. In addition, although the-
difference of the ‘two sorts of thicknesses of the gate

oxide £ilms is not discernible in each of the figures,
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it is set as described with reference to Figs. 17 to

20. Further, in the ensuing description of the

menufacturing method, reference numerals assigned to
well regions, semiconductor'regibns,'etc.Iwili be made
different from those in the foregoing description for
the sake of convenience. |
Flrst, as shown in Flg. 21, by way of example,.a'

semlconductor substrate (at this stage,.a

' semlconductor wafer) 3 which is of p~type and whose

'spec1f1c resistance is about 109 cm is wet-ox1dlzed

at ‘abbut 800 °C so as to form a thin s1llcon oxide

~ film 10 being about 10 nm thick at its surface, and a

silicon nitride film 11 having a thickness of about
200 nm is thereafter deposited on the silicon oxide

film 10 by CVD (Chemical Vapor Deposition). The

" silicon oxide film 10 is formed in order to relax

stresses which act on the semiconductor substrate 3 in
. ) . ) " ' . ’
cases where a silicon oxide film buried in an element

isolation groove is sintered at a later step, and so

.forth. The silicon nitride film 11 has the ":prope-rty

" of being difficultlof oxidation, and is therefore

utilized as a mask for preventing the oxidation of the
substrate surface parts of portlons (active reglons)
which underlie this film 11.

Subsequently, the silicon nitride film 11,
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silicon oxide fiimjlo and semiconductor substrate 3

are dry—etched_using a'photo?esist film as a mask,

- whereby an -isolation groove 4a being about 300 to 400

nm deep is formed in the semiconductor substrate 3.

The isolation groove 4a may well be formed in such a

way that the silicon‘hitride film 11 is dry-etched

usihg a photoresist film as a mask, that the

_photoresist film is subsequeniiy'removed; and that the

silicon oxide film 10 and the semiconductor substrate

3 are dry-etched using the patterned silicon'nitride

- film 11 as a mask.

After such processing, in order to'eliminate

" damage layers produced.on.the inner walls of the
. isolation groove 4a by the above etching, the

resulting semiconductor substrate 3 is dry-oxidized at

about ‘1000 °C so as to form a thin silicon oxide film
being about 30 nm thick on the inner walls of the
isolation groove 4a. Subsequentiy,-aS'sthn in Fig.

22, a silicon oxide film 13 having a thickness of

- about 400 nm is deposited on the resulting

semiconductor substrate 3, followed by the wet
oxidation of the semiconductor substrate 3, thereby to

carry out sintering for improving the quality of the

" silicon oxide film 13 buried in the isolation groove

4a. By waf of example, the silicon oxide film 13 is
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deposited by plasma CVD in which ozone (0;) and -
tetraethoxysilane (TEOS).are'employed as a sohrﬁe'gas.
| Subsequently, a silicon nitri&e film having a
thickness of about 200 nm is deposited on the silicon
oxide-filﬁ 13 by CVD and is thereafter dry-etched |

using a photoresist film as a mask, whereby the

silicon nitride film 14 is left at only the upper

parts of those isolation grooves 4a of ielatively'

‘large area which lie at, for example, the boundary

pérts between a memory cell array'and a peripheral

" circuit. The silicon nitride film 14 remaining at the
upper parts of the isolation grooves 4a is formed for

.preventing a phenomenon (dishing) in which the silicon

oxide film 13 in the isolation grooves 4a of
relatively\large area is polished deeply'as compared
with fhe silicon oxide film 13 in isolation grooves 4a
of relatively small area,'when the silicon oxide film

13 is poiished'and flattened by chemical mechanical

_éolishing (CMP) at the next step.

Subseguently, the photoresist film for
patterning the silicon nitride.film 14 is removed, and
the silicon oxide £ilm 13 is thereafﬁer polished and
left in the.isolation grooves' 4a by CMP employing the
silicon nitride films 11, 14 as a stopper, thereby to

form isolation portions 4. The isolation portions 4
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correspond to the element isolation region 123 shown
in Fig. 1.

Thereafter, the silicon nitride films 11, 14 are

‘removed, and the resulting semiconductor substrate 3

is stibjected to a preoxidation treatment so as to form
a gate insulating film being about 10 nm thick on the

semiconductor substrate 3. Thereafter, as shown in

Fig. 23, a photoresist pattern 12C which denudes a

-region to-be-buried and covers any other region is

fprmed on the principal surface of the resulting ;;
semiconduétor substrate 3, whereupon phosphorus; for

example, is lon—lmplanted into the semiconductor

'substrate 3 by employlng the photores1st pattern 120

as a mask, in order to form a burled region 15 of n-

type in the semlconductor substrate 3. Incidentally,

at this stage, the n-type buried region 15 is not
formed yet becauée a heat treatment'fOrfthe activatiénr
of fhe'impurity, etc. has not been carried out for the
semiconductor substrate 3, but it ié shown in the
figure in order to facilitate the'understandiﬂé of thei
description. | | |

. Subsequently, the photoresiSt.pattern 12C is

removed, and a photoresist pattern which denudes n-

"well'regions in all the regions and covers any other

"region is thereafter formed on the principal surface
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of the resulting semiconductor substrate 3. Next,

phosphorus, for example, is 1on-1mplanted into the

semiconductor substrate 3 by employing the photoresist

pattern as a mask. Here[ there are respectively and
separately performed at least.two'impurity introducing

steps; the step of introducing the impurity for

forming the n-wells (n-type well regions),IGNW, and

the step of introducing the impurity for setting the
threshold voltage of a MIS transistor which is to be

formed in the n-well 16NW outside the memory cell .

domain. ‘Thereafter, the photoresist pattern is-

removed.

Subsequently, as shown in Fig. 24, a photoreéist

pattern 12D'wnich_denudes p-well regions and covers

any other region is thereafter formed on the’prinoipal
eurface of the resulting:semiconductor substrate 3;
Next} boron or boron difluoride, for example, is ion-
implanted into the semiconductor'substrate 3 by |
employing the photoresist pettern 12D as a mask.

Here, there are respectively and separately performed
at least two impurity introdu01ng steps; the step of
introducing the impurity for forming the p-wells (p-

type well regions).16PW. and the step of introducing

~ the impurity for setting the Vth of a MIS transistor

~which is to be formed in the p-well 16PW outside the
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memory cell domain. Thereafter, the photoresist

' pattern 12D is removed.

After such a series of processing steps, the

resultlng semlconductor substrate 3 is subjected to a

‘heat treatment, whereby the actlvatlon of the

impurities introduced into the semiconductor substrate

' 3,'etc. are effected to form the n-wells 16NW, p-wells

' 16PW and n-type buried region 15 in the semioonductor

substrate 3. The n-wells 16NW corresponds to the n-
type well region 122.shoWn in Fig. 1, while the p=

wells 16PW correspond-to the p-type well regionS'lzl

“shown in Fig. 1.

- After such processing, the manufacturing metbod
shifts to the step of forming a gate insulating film
as stated below by way of example. First; an
ox1dlzlng treatment for formlng a gate 1nsu1at1ng film
for h1gh-w1thstand—voltage tran51stors whlch are to be

formed on the semiconductor substrate 3 is carried

.'out, whereby the gate lnsulatlng fllm which has a

first thickness belng relatlvely large and belng, for
example, about 8 nm is formed on the principal surface
of the semiconductor sﬁbstrate 3. Next, a photoresist

pattern which covers regions for forming the high—

-w1thstand—voltage tran31stors and denudes any other

region is formed on the gate 1nsulat1ng fllm,
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whereupon. the parts of the thick gate insulatin§ film
denuded by the photorésisf pattern are femoved,'and
further, the photoresist pattern is.femoved.
Thereafter, the manufacturing method is shifted to the
step of forming a gate.insulating film for MIS

transistors other than the high-withstand-voltage.

‘transistors.

Subsequently, after fq:ming_a-photoresist
pattern which covers regions for forming the_MIS
transistors requi#ing fhe suppressidn of the leakage
currents in the peripheral circuit domain and the
logic circuit domain and which denudes any other
region, the parts of ‘the gafe insulating £ilm denuded
by ﬁhe photoresist pattern'are removed, and further,
the'photoresist—patfefn is removed. o

Thereafter, the resulting semiconductor

‘substrate 3 is subjected to an okidizing treatment for

forming the gate insulating film'for the MIS

transistors requiring a high-speed operation, whereby

the.gate insulating film which has a second thickness
being relatively small and being, for example, about 4

nm is formed‘on the_principal surface of the

‘semiconductor substrate 3.

Subsequently, as shown in Fig. 25, a conductor .

. £ilm 19 for forming gate electrodes is formed on the

- 65 ~



10

15

20

25

resulting semiconductor substrate 3 by CVD or the like

so as to cover the gate oxide film 17 formed as

explained above'and the upper surfaces of the
isolation portions 4. The conductor film 18 is méde
of, for_example,'a simplé substance film of low-

resistance polysilicon, a stacked film in which a

- tungsten silicide film is deposited on low-resistance

polysilicon, or'a_stécked film in which a metal film
of tungsten or the_like-is déposiﬁed-over low- -~ |
resistance polysilicon through a barriér metal filp“of
tﬁngsten nitride, titanium nitride or the like. The
conductor film 18 corresponds to the polysilicon layer
PsSi shown in Fig. 7. _Inéidentally,‘the Barrier metal
film functions in a high-temperature heat treatment as
a barrier.}ayef which'prevents thé.tungsten film and
the polysilicon film from reéeting to form a silicide
layer of high iesistance at the interface betweeﬁ both
the films. | - »

Subsequently, as‘exemplifiéd in Fig. 25, a

photoresist pattern 12E which denudes regions for

-forming the MIS transistors of n-channel type,-except

" the memory cell domaih,_and which covers any other

region is formed on the conductor film 18, whereupon

an n-type impurity, f6r‘examp1e;’phosphorus is ion-‘

implanted into the conductor film 18 by employing the
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photqresist pattern 12E as a mask. Thereafter, the
photoreeist pattern 12E is removed. Thus,lthe n-type
impurity is introduced into the gate electrode forming
regions of the n-channel type-MIS_transistors which .
are to be formed.in the regions except the ﬁemory cell
demain.

| Afterx removing'the photoresist battern 12E, a

photoresist pattern iZEE which denudes regions for

forming the MIS transistors of p-channel type, .

together with the memory cell domein, and which coyers

any other region is formed on the conductor film 18 as

. exemplified in Fig. 26 at this time, whereupon a p-

etype impurity, for exemple, boron (B) is ion-implanted

into the conductor film 18 by employing the
photoresist pattern 12EE as a mask. Thereafter, the
photoresiSt'pattern 12EE is removed. Thus, the p-type

impurity is introduced into the gate electrode forming

- regions of the p-channel type MIS transisﬁors énd:the

n-channel type MIS transistor of the memory cell
domain.. Via this step, the floating gete FGT of the
nonvolatile memory element 130 .can contain the'p-type
impurity; whereby the threshold voltage Vth of the
nonﬁolatile memory element is readily set at the
middle threshold voltage between the high threshold

state and the low threshold state. In a case where
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the initial threshold voltage is controlled by
introducing a p-type impurity'inte the channel region
of the pertinent MIS transistor MFSn, a photo-mask is

prepared separately from one for controlling the

~threshold voltage of any other n-channel type MIS

trans1stor.
Thereafter, the photore51st pattern 12EE is

removed, whereupon an insulating film for capping as

. is made of silicon oxide or silicon nitride by way of

example is deposited on the conductor fllm 18 by CVD
or the like.
Subsequently, the insulating film for capping is

patterned by dry etching or the like with a

photoresist pattern used as a mask, followed by the

removal of the photoresist-patterﬁ,_and the conductor
film 13 is patterned'with the patterned capping |
insulating film used as a.mask,'rollowed'by the
removal of the capping insuletingufilm 19, whereby the
gate electrodes 6g are formed as shown in Fig.'27.
Subsequently, as_showﬁ in Pig. 28; boron (B),
for eXample; is ion-~implanted into the n-wells 16NW by
emploYing‘a photoresist pattern 12F as a mask, thereby
to form seﬁicenductor-regions 7a of p-type in those
parts of each of the n-wells 16NW which lie on both

the sides of the correspondlng gate electrode 6g.
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Incidentally, at this stage, the p-type semiconductor
regions 7a are not formgd yet because a heat treatment
for activation etc. has not been c&rried'dut, but they
are shown in the figure in order to facilitate the
understan&ing of the description.

Next, afﬁer removing the photoresist pattern

12F, phosphorus (P), for example, is ion-implanted

~into-the,p?wells 16PW by employing as a mask a

photéresist pattern formed anew and not shown, thereby
to form semiconductor regions 5a of n-type in those-

parts of each of the p-wells 16PW which lie on both

-the sides of the COrrespbnding'gate electrode 6g.

Incidentally, ét.this stage, the n -type semiconductor
regions 5a are not formed yet because a heat treatment

for activation etc. has not. been carried-out, but they

. are shown in the figure in order to facilitate the

understanding of the description. Eesides, in spite

of this processing, the impurity'already introduced in

‘the gate of the n-channel type MIS transistor in the

memory cell domain shall still maintain the p-type.
Subsequently, the photoresist pattern 12F is

removed, followed by the heat treatment for the

‘activation of the impurities introduced into the

semiconductor substrate 3, etc. Thereafter, as shown

in Fig. 29, a silicon niﬁride film:being about 50 nm
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thick is deposited on the resulting semiconductor
substfate 3 by CVD and is etched anisotropically,
thereby to form sidewall spécers 19 on the sidewalls
of each of the gate electrodes 6g. In order to
minimize fhe amounts of scrapings of the gate
insulafing film 17 and the silicon oxide film buried

in the'isolation portions 4, this etching is carried-

. out using'an_etching gas with which the etching rate

of the silicon nitride film is lafée relative to those.
6f the silicon oxide-films.' AlSo in a case'where an
ihéﬁlating film for capping as' is made of a silicon
nitride film is formed on the gate electrodes 6g, the-

amount of overetéhing shall be confined to the

‘required minimum in order to minimize the amount of

scrapings of the capping insulating film.

Subsequently, arsénic'(Asj,_jor'example, is ion-

implanted into the p-wells 16PW by employing a

photoresist pattern as a mask, thereby to form
semiconductor regions 5b of n'-type for the n-channel
type MIS transistors. Besides, in spite of this

processing, the impurity already introduced in the

| gate of the n-channel tYpe'MIS transistor .in the

memory'cell'domain shall still maintaiﬁ the p-type.

Incidentally) at this stage, the n'-type semiconductor

- regions 5b are not formed yet because a heat'treatme@t
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for activation etc. has not been carried out, but they

are shown in the figure in order to facilitate the

‘understanding of the description.

Next, after remov1ng the photore51st pattern,
boron (B), for example, is ion-implanted into the n-
wells 16NW by employing as a mask a photoreSist
patteru 126 formed anew, thereby to form semiconducto;
regious 7b of p'-type for the p-channel MIS
traneisters. Indidentally, at this stage, the p'-type
semiconductor'reqioﬁe 7b are!not formed yet beceuse'a
heat treatment for.activation etc. has not been |

carried out, but they are shown in the figure in order

to facilitate the underetanding of the description.

Thereafter, the photoresist pattern 126G is
removed, followed by subjecting the resulting
semiconductor substrate 3 to the heat treatment for

the activation of the impurities, whereby the_MISFETs

Op, OL of the p-channel type and the MISFETSs on, 0d of

the n-channel type are formed.

Subsequently, a conductor film of, for example,

'titanium nitrlde (TlN) or cobalt (Co) is deposited on

the resulting semiconductor substrate 3 by sputtering

or the like, followed by a heat treatment, wheieby as

- shown- in Fig. 30, a silicide layer 20 is formed at the

contact interfaces between the conductor film and the
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semiconductor substrate 3 as well as the gate
electrodes 6g. Next, the conductor film not N
silicified is etched and removed, whereupon e-heat
treatment is carried out again.

Subsequently, an insulating film 2la made of;

for example, a silicon nitride film is deposited on

ﬁhe‘resulting'semiconductor substrate 3 by CVD or the
like, an insulating film 21b made of, for example, PSG
(Phopho Silicate Glass) is thereafter deposited on the

insulating fi1m 21a by CVD or the like, and an

. ihsulating film 21c made of, for example, silicon E

oxide is further deposited on the insulating film 21b.
Next, the upper surface of the insulating film 21c is
flattened by .CMP, whereupon contact holes 8 are
provided in parts of the insulating films 2la to 2lc.

Thereafter, titanium, titanium nitride, and tungsten,

- for example, are deposited on the resulting

~

: . L. . L L : : -
. semiconductor substrate 3 in sucktession from below and

are etched back by CMP; whereby a conductor film 22 is
buiied and formed iﬁ—the contact.holes 8. l

Subsequently, titanium, aluminum er an aluminum
alloy, titanium, and titanium-nitride, for example,
afe deposited on the'resulting semiconductor subetfate
3 in succession-fromlbelow ahd_are pattefned by a

photolithograéhic_technique and a dry etching
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technique,‘thexeby to form a first aluminum conductive

layer (ALl) 9L as shown in Fig. 31. Next, as shown in

'~ .Fig. 32, a second aluminum conductive layer (AL2) -23L

and a third aluminum conductive layer (AL3) 24L are
formed similarly to the first aluminum conductive
layer (ALl) 9L. Incidentally, symbols 21d, 2le

indicate insuléting fiims-made of, for example,

~silicon oxide.

In this manner, the two sorts of thickneSSes.are
bestowed on thé gate oxide films, and the CMOS process

such as the single—layer.polySilicon-gate method is

‘employed, whereby the nonvolatile memory elements 130

can be formed on the semiconductor substrate without

'adding any special process. Moreover, any speéial

mask is not required for the step of intrdducing the

- p~type impurity into the'floating'gates-of-the MIS

transistors for constructing the nonvolatile memory

elements 130. It will be obvious frxom the foregoing

that the flashjmemory which is in the differential

 form and which is also excellent in the data retention

capability cah be readily'ébtained without adding any
special) manufacturing process or photo-mask. It is
accordingly permitted t6 manufacture the flash memory
without adding any new process peculiar to the flash

memory, to a complementary MIS transistor
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manufacturing process such as one called the “CMOS
(Complementary Metal Oxide Semiconductor) process”;

and to merge and package the'flash memory into a

'complementary MIS logié LSI or a complementary MIS-

DRAM forming a basis, without increasing the cost of
manufacture. |
{Miciocbmputer]'

| Shown.in'Fig. 33 is a microcomputer (or
microprocessor) as a data processor which.is the
second example of the semiconductor integrated cireuit
accofding to the present invention. The microcomputer
301 can also be located.gs a system LSI in which a
DRAM etc. are merged and padkéged with a logic
circuit. Also the microcomputei 301 has the two sorfs

of gate oxide film thicknesses'expiained before, and

can be formed on one semiconductor. substrate made of

‘single-crystal silicon or the like, by employing the

compleméntary MIS process of single-layer gates.
The microcomputer 301 includes a CPU (central

prodessing_unit) 310 as a control circnit.typipally

.indicated, a flash memory 311_being an example.of a

nonvolatile'memory, a dynamié.random access memory
(DRAM) 312 being an example of a volatile memory, ‘a
static random access memory (SRAM) 313 being another

example of the volatile memory, an input/output
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circuit 314, etc. The memories 311, 312 and 313 can
be regarded as memory mbdules, respectively. ‘The CPU

310, flash memory 311, DRAM 312, SRAM 313 and

" input/output circuit 314 share an address bus 315, a

data bus 316 of N bits and a control bus.317. The

DRAM 312 and SRAM 313 include respective flash
mémqrieé 312PM and 313FM as ndnvolétile'ﬁeﬁories in
order to hold.remedy information which will be |
explained later.:

Although #ot especially restricted, the

input/output circuit 14 is connected to an external

-address bus 183, an external data bus 18D, "an external -
. control bus 18C, etc., and. it includes therein an’
unshown input/output port which is connected to the

buses. 18a, '18D, 18C, a bus controller which controls.

the starts of bus cycles for the external'buses.18A,
ISD, 18C,,etc.; an input/output periphe:al'circuit
which is represented by”a Serial_interface circﬁit,
and so fqrth. 

Although not esPeciallj'restricted, the CPU 310
has an execution unit and a control unit. The |
execution unit includes an arithmetic logic unit
(ALU), a_prdgram counter (PC), a stack pointer (SP) .,
and é dedicated register such as status register (éR),_

as well as a group of general régisters which are
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utilized as work areas. The control unit includes an

instruction register to which program instructions

supplied from program'data or an operation system

- program stored in the flash memory 311 are inputted in

succession, an instruction decoder which decodes the
inétructions stored in the instruction registef and .
genérates control.signals for the execution unit, and .
so forth. The execution unit is coupled to the
address~bus 315, data bus 316 and éontrol bus 317, and
it controls the output of a selective address signal

to the address bus 315, the output of a selective

‘control signal to the control bus 317, “and. the

_ input/output of data through the data bus 316.

Accordingly, the CPU 310 controls the operation of the

'micrééomputer'301 entirély in accordance with the

program'data'or‘the operation system'progrém stored ‘in

" the flash memory 311.

‘The DRAM 312 is a read/write meﬁofy:df
comparétively.large capacity which is ﬁtiiized as the

work memory or main memory of the CPU 310. This DRAM

"'312 has a 1ar§e capacity of, for example, several

gigabits in correspondencé with the 1ar§e scale
integration of a system. The memory cell array 312MA
of the DRAM 312 has a redundant word line WLdR in

addition to normal word lines WLd;O to WLd_Nd. The

- 76 -



10

~15

20

25

- selection terminals of normal dynamic memory cells are

coupled to the normal word lines WLd 0 to WLd_Nd,
while the selection terminal of a redundant dynamic
memory cell is coupled to the redundant word line
WLdR. The data input/output terminals of the memory

cells are coupled to bit lines. BLd_0 to BLd - Md.

‘Although not especially illustrated, the blt lines

BLd_0 to BLd Md has a folded bit line structure in

which they a:é folded back around sense amplifiers.

These bit lines BLd_0 to BLd_Md'ére_connected-in
common to a common data line-312CD through Y“selectors
¥Sd_0 to ¥sd Md. Incidéntaliy, the dynamic memory
cell includes a capacitance element which stores
information therein, and a sélectipn'MIS traﬁsistor
which has a soﬁrce - drain path between -one electrode

of the capacitance element and the corresponding data

- line and whose gate electrode as the selection element’

is coupled to the corresponding word line.
One of the word lines WLd_0 to WLd_Nd and
redundant word line WLdR is selected by an X decoder

312XD. One of the Y selectors ¥Sd_0 to ¥Sd_Md is’

"brought into its ON state by the decoded output of a ¥

decoder 312¥YP. It is to be understood in Fig. 33 that
N sets, each consisting of the memory cell array 312MA

and the Y selectors ¥Sd_0 to ¥YSd_Md, are disposed in a
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- direction perpendicular to the sheet of the drawing.

Cohsequently; when a selection operation based on the
X decoder 312XD and the Y decoder 312YD is performed,

data are'inputted/outputtéd to/from the common data

 line 312CD in N-bit units. Write data is supplied

from the data bus 316 to a data buffer 312DB, and a
main amplifier 312MA drives the_bit lines through ihé
common data_lipe_3120D'in-accordaﬁce-ﬁith the input -
data. In a déta readout bperaﬁion, readout data -

transmitted from'the bit lines to the common data line

-°312CD is émplified by the main amplifier'312MA, and-

the amplified data is outputted from the data buffer-

312DB to the data bus 316.

Which of the normal word lines WLd O to.WLd_Nd
is_repléced with the selection of the redundant word
line WLAR, 1is determined by the femedy information
stored in the flash memory 312FM. The remedy

information stored in the flash memory 312FM is loaded

into a remedy address register 312AR in synchronism_

'With a reset operation which is based on the high

level of a reset signal RESET used as a control signal
for initialization. Thé remedyiaddréss register 312AR
includes a static latch of a plurality of bits, and it

latches the remedy information outputted from the

‘flash memory 312FM and supplies the information to an
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address cempafison circuit 312AC_ih_response to the
high level of the reset signalfRESET.

When the loaded remedy information is valid, it
is compared with a row address signal from the address
buffer 312AB, by the address comparison circuit 312AC.
When the ;esult of the comparison is agreement, a
detection signal 312¢ is set at logicalfvalue “17, and

the others are set at loglcal value “0”. The X

decoder 312XD and the Y decoder 312YD are supplled

“with the address 51gnal of the address bus 315 through

the address buffer 312aB, and they decode the suppiied
address signal. Especially the X decoder 312XD
decodes the row address signal from ﬁhe address buffer

312AB when the detection signal 12¢ supplied from the

address comparison circuit 312AC is the logical value

“Q" signifying disagreement, whereas it is inhibited

from deeoding the row-address signal from the address

- buffer 312AB and selects the redundant ‘woxrd 11ne WLdR

instead when the detectlon signal 312¢ is the loglcal

value *1* signifying the_agreement. Thus, a memory

access concerning a faulty word line is. replaced with
‘the operation of ‘selecting a redundant memory cell

concerning the redundant word line WLdR.

The internal timing control of the DRAM 312 is

performed by a timing controller 312TC. The timing
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controller 312TC is supplied with strobe signals, such
as a read signal and a write signal, through the

control bus 317 from the CPU 310, and with an address

‘signal: of a plurality of bits regarded as a memofy

selection signal, from the address bus 315. When the

selection of the operation of the DRAM 312 is detected

.iby the timing controller 312TC, the circuits of the X

decoder 312XD etc. are activated, so that when the

‘readout operation is designated by the read'signal,

the stored information of the memory cell selectédq
from within the memory cell'array'BIZMA is outputted
to the data bus 316 thfough'ﬁhe main amplifier 312MAJ
as weil as the data buffer 312DB, and thét when the
write operafion is designated by the write signal,
inputted data is written intd-the memory cell selected
from within.the memory-cell array 312MA, through the
daﬁa buffer 312DB as weli as the main émplifier 312MA;.

The SRAM 313 is utilized:as a high—séeed éccess
mémqry, for example, a regiéter file or data buffer
mMEMOXy Or a caéhé ﬂemory. :?he memory cell array 313MA
of the SRAM 313 has a redundant word line WLsR in

addition to normal word lines WLs_0 to WLs_Ns. The

selection terminals of normal static membry cells are
" coupled to the normal word lines WLs_0 to WLs_Nd,

_ while the selection terminal of a redundant static
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memory cell is coupled to the redundant word line
WLsR, ‘The data inpnt/output terminalsiof the static
memory cells are coupled to complémenfary-bit-lines
BLs_0 to BLs_Ms. The static memory cell includes a

tlip-flop which stores information therein, and a pair

 of selection MIS transistors'whose source - drain

paths are coupled between one pair of input/output

nodes of the flip-flop and the corresponding pair of

complementary'bit lines and'whose'gate electrodes as
the\selection terminals aro coupled to the |
corresponding word line.. Thé complementary bit lines
BLs_0 to BLs_Ms are connected in common to a COmmon

data line 313CD through Y selectors ¥Ss_0 to YSs_Ms.

. One of the word lines WLs_0 to WLs_ Ns and redurdant

word line WLsR is selected by an X decoder 313XD. One

of the Y selectors ¥YSs_0 to ¥YSs_Ms is brought into its

' ON state by the decoded output of a Y decoder 313¥D.

It ‘is to be understood that N seﬁs; each consisting of
the memory cell array 313MA.andithe Y sélectors-YSs_O
to YS;_MS, aré disposed in,é drreotion'perpendicular
to the sheet of the drawing. Consequently, when a
selection operation baéed.on the X decoder 313XD and
the Y decoder 313YD is performed, data are
inbutted/ontputted to/from the comnon data line 313CD

in N-bit units. Write data is supplied from the data
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bus 316 to a data buffer 313DB, and a sense amplifier

- 313SA .drives the bit lines through the common data

line 313CD in accordance with the input data. In a

data readout operation, readout data transmitted from

~ the bit lines to the common data line 313CD is

amplified by the main amplifier 31381, and the
amplified data is outputted from the data buffer 313DB
to the data bus 316. ' |

Which of the normal word iines WLs_0 to WLs_Ns
is replaced-With the selection of the redundant word.
line-WLsR, is determined in acéordance with- the rémedy
information stored in the flash memory 313FM. The
remedy information stored in ﬁhe flash memory 313FM is
loaded into é remedy address register 313AR in .

synchronism with the reset operation-which is based on

the high level of the reset signal RESET. The reMedy

address register 313AR includes a static latch of a

plurality of bits, and it latcheé_the remedy

information_outputted fiom-the flash memory 313FM and
supplieg'the information to an address comparison
circuit 313AC in response to the high level of the
reset signal RESET.

When the loaded remedy information is wvalid, it

'is compared with a row address signai from thé'address

buffer 313AB, by the address comparison circuit 313AC.
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When the result of the comparison is agreement, a
detection_signai 313¢ is set at logical value “1”, and
the others are set at logical value “0”.  The X
decoder 313XD and the f decoder 313YD are supplied

with the address signal of the address bus 315 through

- the address buffer 313AB, and they decode the supplied
~ address signal. Especially the X decoder 313XD
“decodes the row address signal from the address.buffer

-313AB when the detection signal 313¢ supplied from the

address comparison circuit 313AaC is the logical value
”0" s1gn1fy1ng .disagreement, whereas it -is 1nh1bited
from decoding the row address s1gna1 from the address-
buffer 312AB and selects the redundant word line WLsR
instead when the detection signal 313¢ is the 1ngical
value nyw signifying the agreement. Thus;ja memory_
accessrconcerning a.faulty word line is replaced with’
the qperation pf selecting a redundant memory cell
concerning the redundant word lire WisR.

The internal timing control of the SRAM 313 is
performed by a timing controller 313TC. The timing
controller 313TC:is:supplied.with strobe_signals, such
as a read signal and a write signal, througn the _ |
control bus 317 from the CPU 310, and with an address
signal of a plurality of bits regarded as a memory |

selection signal, from the address bus 315. When the
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selection of the operatioﬁ of the SRAM 313 is detected
by the timing cﬁntroller 313TC, the circuits of the_x
decoder 313XD etc. are activated, so that.when the
readout operation is designated by the réad signal,
the stored-infoimation of the memory cell selected
from ﬁiﬁhin the memory cell array 313MA is outputted
to the data.bus 316-throqgh the sense aﬁplifier 313sA
as well as the déta‘buffef 313pB, and that when the

write operation is designated by the write signal,

-inputted'data is written into the memory.cell selected
from within the memory cell_array'313MA, through the
- data buffer 313DB.

- The flash memory 311 includes a memory cell

array 311MA in which electrically programmable

nonvolatile memory cells each having a control'éate
and a floating gate-ére arrangéd in the shape of a
matrix. Here, the nonvolatile memory cell has the
conStruction explained with réfefence.td Figs; 6 and
7, in which the nonvolatile memory elements 130 formed
héving the singie—léyer'poiysilicon gates are
cohnected in the differential form.

| The memory cell.array 311MA is used as an éfea _
for storing the operation programs of the CPU 310,
etc. This memory cell érray 311MA has a redundant

word line WLIR in addition to normal word lines WLf_0
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. to WLf_Nf. The-control-gates of normal nonvolatile

memory cells are coupled to the normal word lines
WLE_O to WLE_Nf, while the control gate of a redundant
nonvolatile memory cell is coupled to the redundant
word liné WLER. 'Bit_lines-BLf_p to BLE Mf are coupled |
to the drains of the normal and redundant nonvoletile
memory cells. Each of the word lines WLE_0 to WLE_Nf
corresponds to the word line WL exemplified in Fig.'G,
while each of the bit lines BLf_O0 to BLf_Mf

corresponds to the pair of ‘complementary data lines

'DLt, DLb exempllfled in Fig. 6. In Flg. 33,.the

source line is omltted from lllustratlon.' The sense'
ampllflers 143 explained w1th reference to Fig. 8 are
dlsposed in correspondence with the b1t lines BLf_0 to
BLf_Mf, but they are omitted from illustration in Fig.
33.

| The bit 1ines BLf_0O to,BLr_Mf are.connected in
common to e common data line 3lldD'through Y selectors
st_o to YSf;nf. The common data line 311CD
corresponds to the pair of complementary common data
lines Cbt, CDb explained uith-reference to Fig. 8.

| One of the word lines WLEf_0 to WLf_Nf and

redundant word line'WLfR is selected by an X decoder

- 311XD. One of the Y selectors YSf 0 to ¥YSf_Mf is

brought into its ON state by the decoded output of ay
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decoder.311YD. It islto be undetstbod that N sets;
each consisting of the memory cell array 311MA and the
Y selectors YSf_ 0 to ¥StT- Mf, are dlsposed in a
direction perpendlcular to the sheet of the draw1ng._
Consequently, when a selection operatlon based on the
X decoder 311XD and the Y decoder 311YD is performed,
data are permitted to be inputted/outputted in N-bit
units between the memory cell and the_commdn data line .

311CD. Write data is supplied from the data bus 316

_ lto'a'data buffer 311DB, and a main amplifier 311MA

drives- the common data line 311CD in accordance with
the input data, whereby the-bit'line"is driven through'
the sense amplifier not shown. In a data readout
Operanion, a signal read out of the bit line is
differentially amplified by the sense amplifiei (not
shown), the resulting signal is transmitted to the
common data line 311CD and is amplifiea by the main
amplifier 311MA, and the amplifiéd signal is outputted
from the data buffer 311DB £0'the:data.bus 316.

Which of the normal word lines WLf 0 to WLf Nf
is replaced with the selection of the redundant word
line WLfR, is determined by the remedy information.

The remedy information is held by the nonvolatile

'memory cell which is coupled to the word line WLE_0

and the bit line BLf 0. The remedy information stored
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in the memory arraY=311MA.is loaded into a remedy
address regisfer 311AR'in.sYnchronism with the reset
operation which is based on the high ievel of the
reset'signal RESET. .More specifically, a sequenee
coﬁtfoller 311SQ activates the sense amplifiei (not
shown) and the main amplifier'311MA so as to be
capable'of_the-read operation, in response to the
designation of the reset operation based on the reset
signal RESET. Besides, the X decoder 311Xp and the ¥
decoder 311YD select the word llne WLE 0 and the bit
line BLf_O in response to a reset period designated by
the ‘reset 'signal RESET. Thus,jthe"remedy-infermation
of N bits is outéutted from the main amplifier 311MA.

The remedy address register 311AR includes a static

‘latch of-a plurality of bits, and it 1atches the

remedy  information outputted from the main ampllfler

311MA and supplies the information to an address

'comparlsonh01rcu;t 311AC in re5ponee'to the hlgh level

of the reset signal RESET.
The address comparlson circuit 311AC compares

remedy row address 1nformatlon contalned in the remedy

information and the row address 51gnal from an address

'buffer 311AB. When the result of the comparison is

agreement, the address comparison circuit 311AC gives'

the X decoder 311XD a detection signal 311¢ of logical
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value “1”. When the detection signal 311¢ is the

logical value ”1”, the X decoder 311XD inhibits the_'

word line selection operation based on the row address

' from the address buffer 311AB and selects the

redundant word line WLfR instead. Thus, a memory

. access concerning a faulty word line is replaced with

' 'the'opération of selecting a redundant memory cell

concerning the redundant word line WLfR.

The timing controls of the erase, write and
readout operations of the flash memory 311, etc. are
perfo:med by the éequence dontroller 3118Q. 'The-
sequenée controller 311SQ is- supplied with strobe
signéls, such as a réad éignal and a wripe signaly
through the control bus 317 froﬁ.thé CPU 310, and with
a command through the data bus, and it is also

supplied with an address signal of a plurality of bits

‘regarded as a memory selection signal, from the

}

address bus 315,
The construction of the flash memory 311 has

been described chiefly on the structures for

~ redundancy and remedy. It is to be understood that .

the constrﬁction except the remedying structure of the
redundant word line WLfR, address comparison circuit

311AC, remedy address registér 311AR, etc. is

‘substantially the same as the construction of ‘the .
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flash memory explained with reference to Fig. 8.
Besides, the flash memory 312FM built in the DRAM 312

and the flash memory 313FM built in the SRAM 313,

‘basically have substantially.the same memory cell

arrangement as that oflthe\flash memory explained with
reference to'Fig. 8. The point of difference from
Fig. 8 is the construction in which, likewise to the

flash memory 311, the flash memories 312FM, 313FM -

. deliver the remedy information to the remedy address

registers 312AR, 313AR in responsé to the reset éignal'
RESET, and the point of difference from Fig; 33 is
that they do not havé the femedyiné redundant
structure.. o |

The CPU 310 performs'a series'of data'processing

- stated in a program, by executing such arithmetic

processing that an instructibn'stored in, e. g., the
flash memory 311 is fetched and decoded, that operands
necessary for the execution of the instruction are

derived from, e. g., the DRAM 312 or the SRAM 313 in

‘accordance with the result of the decoding, that the

derived opérands are p;ocessed, and that the result of
the processing is stored in the DRAM 312 or the SRAM
313 again. When the reset signal RESET is brought to
its high level, thé CPU 310 interrupts any proceséing _

under execution and initializes the required node of
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its internal circuit into a pfédetermine& logical
state. In the reset period (the period of the high
level of the reset signal RESET), not only the
interior of the CPU 310; but also the internal
registers of unshéwn peripheral gircuits are
initialized. Further, as explained before,‘thé
processing of initially lpading'the remedy.information
infb the.remedy'addréss registers 311AR, 312AR, 313AR
is performed in the flash memory 311, DRAM 312, SRAM
313. The reset signal RESET is changed to the high
level in responée to ény command such as system reset
or power-ON reset bésed'on the'turn-ONfof an pperating
power source. When the reset signal RESET is negated -
to i£s low level, the CPU 10 starts reseﬁ exception

processing. The internal initialization of the CPU 10

‘during the reset period is.done for a program counter,

a stadk'pointer, and controlling registers such as a
status register. Besides; in the case of the power-ON

reset, the operation of a clock generator circuit is’

'stabilized in a time period since the turn-ON of the

power source till the release of-the reset, so that a

stéble clock signal can be fed to the CPU 310 etc.

after.the reiease of the reset. |
Indicated at numeral 320 in Fig. 33 is the mbdé

control circuit (CNT) of the microcomputer'301. A
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control signal 321 is made a mode setting control

signal of one bit or a‘piurality of bits for
designating an operation mode'(EBROM writer mode) in

which the flash memories 311, 312F¥M, 313FM are allowed_

- to helprogrammed by a write apparatus, such as an

EPROM writer, connected outside the microéomputer 301.

.When the EPROM writer mode is set in the microcomputer

301, the function of the external input/oﬁtpﬁ;(circuit
314 is altered so that the microcomputer 301 may have

an external interface funbtion appateﬁtly*equivalept'

 to a semiconductor integrated circuit (bus slave) of

simple flash memory, and the operation of ﬁhe_CPU 310

is stopped. More specifically, the buffer circuits

coupled to the address bus 315, data bus 316 and

" control bus 317 of the CPU 310 are brought into high
impedance states in response to the setting of the

EPROM writer mode, and the CPU 310 is electrically

disconnected from the buses 315,'316 and 317. In the

" EPROM writer mode, the external input/output circuit

314 receives an address signal from outside and
supplies the address signal to the address bué 315, it
delivers the data of the data.bus 316 to outside in
response to the coﬁménd oflthé read operation based on
the-gxternal read signal, and it receives d_ata and'-

supplies the data to the data bus 316 in response -to
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‘the command of the write operation based on the

external write signal. When the EPROM writer mode is
not set, the flash memories 311, 312FM, 313FM are
accessible under the comtrol of the CPU 310.

.In the EPROM writer mode, a plurality of sorts
of high'voltages Vppi necessary for the erase and

write operations‘of.rhe flash memories 311, 312FM,

. 313FM are fed from outside. Accordingly, the flash

memories 311, 312FM, 313FM need not be furnished with

- respective boosting supply voltage circuits which,

steps up a VOItage to the high voltages necessarylfor
the erase and write operations.. Since the boosting
supply voltage circuits reQuiring comparatively large
occupation areas can be omitted, reduction in the size
of a chip cen be'realized. Herein, after the
microcomputer has been ‘packaged on a cirouit board,

the flash memories cannot_be programmed (on-board

'programming) under a software control based on.the CPU

310. The om1ss1on of the boostlng supply voltage

clrcults, however, forms no hlndrance -and contrlbutes-

~to the hlgher performance and hlgher den51ty of the

microcomputer in a case where the flash memory 311 is

a program memory which is substituted by a mask’ ROM
and which need"not be programmed on a 9ystem,'an&

where remedy information suffices to be written into
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the flash memories 312FM, 313FM at the stage of
manufacture. By the'way, in an intended use requiring
the on-board programming,'the'bedsting circuits may

well be bullt in the flash memories under the

condltlon that the application of a single supply

voltage from outside suffices. Even with this

contrivance, a storage capacity suffices with several

tens to several hundred bytes in most cases, in each
of the flash memories 312FM, 313FM dedicated to store .

the remedy information. When the boosting circuits

- are individually mounted in such flash memories, it is

supposed that the boosting circuits will -occupy an

area larger than the area of the memory cell array.

fherefore, a dedicated boosting circuit should
desirably be included in fﬁe flash memery 311 of
c0mparatively,large storage cepacity which is utilized
for general purposes or which is utilized for | |
programmable 1o§ic iteme.' furthér,'in that case, the
stepped-up voltages of the dedicated boostlng circuit
may well be applled to the erase and write operations
of the flash memories 312FM, 313FM dedicated to store
the remedy information. .

The micrecomputer in the shape-of the system LSI
dispensee with a fuse programﬁing circuit for

remedying defects, and it can omit an apparatue and a
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processing step for cutting fuses, theréby to_cuftail B

a testing cost. . '

' Incidentally, the flash memories 312FM, 313FM
are not restricted to the ﬁemory cells of the
differential form as shown in Figs. 6 and 7, but they
may well employ eiectriéally eraéablé and'programmable
nonvola?ile memory cells of single-layér polysilicon
gates. | | | |
[Cache'Memory]

\Shown in Fig. 34 is a_detailed_examplelin'the

case where the SRAM 314 in Fig. 33 is incarnated as a o

- vache memory. A flash memory 450 and the cache memory:

451 shown in Fig.'34 are also applicable to the cache
memory 108 and the flash memory 104 in Fig. 2.
Although not especially restricted, the caéhe 
mémory 451 is construcfed as an associative memory of
direct map fbrm._.Although not especially restricted,
the cache memory 451 includeé a memory cell array
which formS'u§ to 256 cacﬁe lines, and which is |
configured of ‘an address array 400 and a data array
401. The address array 400 and the data array 401

have normal arréys 400T, 401T in which normal static

. memory cells are arranged, and redundant érraYS'400R,
401R in which remedying static memory cells to replace

the faulty ones of the normal membry cells are
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arranged,-respeCtively.

One cache line contains a cache tag (address

'tag) CTAG formed by phy81cal page No.,'a validity bit

V as well as an unshown dlrty bit, data LWO0 to. LW3 of
16 bytes correspondlng to each bit, and so forth. The
cache tags CTAG, the validity bits and the unshown
dirty bits are 1océte&'in_the address. arrays 400T,
400R, while the data LWO0 to LW3 are located in the
data arrays 401T, 401R. The validity bit V indicates .
whether or not valid data is contained ‘in the

pertinent cache line, and it signifies “valid” with

- logical value *1” and "invalid” with logical value

nor.,
- By way of example, an index address Aidx

consisting of bit 4 to bit 11 of an address signal is

.used for selecﬁing a cache'entry. The index address

Aidx is decoded by an address decoder 410, and the
cache line is selected in the normal arrays 400T, 401T
in accordance with the decoded result. Although nqt
especially restricted, each of the redundant arrays -
400R, 401R has a'storage.capacity corresponding to one

cache line, and they are selected when the comparison

result eignal 422 of a comparison circuit 412

indicates the state of agreement. when the comparison

esult signal 422 indicates the state of the
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agreement, the operation of selecting the normal array

by the address decoder 410 is inhibited. The cache

tag of the selected cache line is compared with a tag

-address Atag on the upper digit side of the

corresponding address signal byra comparator'402, On

conditioﬁ that the cache tag CTAG and the tag address

Atag agree and that the valldlty bit Vv is the loglcal_

value “1”, a cache hit/miss SLgnal 404 which is

outputted from an AND gate 403 is brought to the

. logical value “1”. On the other hand, cache line data

of 32;bYtes indexed by the data array 401 is selected

"by a selector 405 on the basis of a long word address

Aword cons1st1ng of the lower digit side b1ts 2 and 3
of the address signal. '

When the cache hit/miss sighal 404 indicates the
state of the logical value “1” (cache read hit state)
in a read access, alcache control circuit 407 controls
ah input/output circuit 406 so as to supply the data
bus 316 with the long word data selected by the:

selector 405. In a case where the cache hlt/mlss

s1gnal 404 lndlcates the state of the loglcal value

nQw (cache read miss state) in the read access, data

- which corresponds to one cache line containing the

data relevaht to the miSs is read from.the data bus

316 so as to execute a cache'fill operation. 1In a
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case where the cache hit/miss signal-404'indicates the

state of the logical value “1” (cache write hit state)

-in a write access, data is written into the hit entry

and the dirty bit of the entry is set, subject to the

‘_cache operation mode being a copy-back mode. A

mismatched state with the data of an external memory
is known from the dirty bit in a set state. When the
dirty cache entry is expelled out of the caché memory'
451 by the cache £i11 operation, the data is written -
back intd the external memory. In a write-through
mode, data is written into the hit entry and is also
written into the e#ternal memory; In a case where the
cache hit/miss signal 404 indicates the stafe of the
logical value “0”. (cache write misé'state) in the’
w:ite access, the cache_f111 operation is performed,

the dirty"bit is set to update the tag address, and

"data is written into the filled cache line, subject to

the copy-back mode. In the case of the write-through

mode,'data is written into only the external'memory..
The cache fill 6peration is the operation of

ldading the data of the cache line ffom the e#ternal

memory, and cache entry is replaced in order to write

_the loaded data into the cache line. On this

occasion, in the presence of any invalid cache entry,

it is replaced. 1In.the absence of any invalid cache’

- 97 -



10

15

20

25

~entry, the logic of, for example, LRU (Least Recently

Used) is conformed to, and the cache entry recently
used least is set as a subject for the replacement.
The replace control is performed by the cache
controller 407. |

 The remedy address of the cache line having a
faulty memory cell is held in the flash memory 450.

As in Fig.i33, the remedy information is loaded into a

'remedy address register 420 during the hiéh level

- period of the reset signal RESET. The loaded remedy

information is compared with the index address Aidx by
the comparison circuit 421.

. The cache memory'dispenses with 'a fuse

" programming cifcuit for remedying defects, and it can
omit an apparatus and a proceSSiﬂg step for cutting

'fuses,.thereby to .curtail a testing cost.

Incidentally, the flash memory 450 may employ the

memoxy cells of the}differentialjform;as shown in

_Figs..ﬁ and 7, and it may well employ electrically

erasable and programmable nonvolatile memory cells of

_ singlehlayér polysilicon gates.

- Although the inventions made by the inventors

. have been concretely described above on the basis of

the aspects of performance, it is needless to say that

the present invention is not restricted thereto, but
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that it is,variously_alterable within a scope not
departing from the purport fheréof;

By way of exampié) the contrivance in which the
word line selection voltage ié substanfially equalized
to the initial threshold voltage of the-ﬁonvolatile
memory elements is extensively applicable to
nonvoiatile memory cells in which nonvolatile memory

elements are connected in the differential connection

form, and it is not restricted to the nonvolatile

- memory élements of the single-iaYer polysilicoh géte

structure.

In addition, the MIS transistors constituting -

the nonvolatile memory elements explained with

reference to Fig. 1 etc. are not restricted to the n-
channel type, but theylﬁay well be of p-channel.type.
In this case,.the'conductivity types of the respectivg
éémiconductor regions cbnstituting the nonvolatile

memory elements 130 shown in Fig. 1 may be reversed to

those in Fig. 1. In this case, it is possible by way

of example to set voltage'cénditions for the erase of

- the nonvolatile memory elements at Vnw = 3.3 V, vd =

- open, Vs = -5 V and Vw = 0 V, vdltage_conditions for

the write at Vnw = 3.3 V, Vd = 0 V, Vs = 4 V and Vw =
5 V, and voltage conditions for readout at Vnw = 3.3

Vv, vd =0V, Vs .= 1.8 Vv and Vw = 0 V.
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‘Besides, the vdltage of the input vdltage range
in which the sense amplifier is subjectéd to the
transient response operation ié_not restricted to 50
mV, but it can be somewhat chaﬁged in'agcordance with
the ciréuit conétants of the MIS transistors

constituting the sense amplifier. Vnw, Vd and Vs

‘indicate the n-type well potential, drain potential

and source potential of the element FMS of the p-type,

respectively. Vw indicates the potential of the p-

type well used as the control gate CGT.

Besides, the floating gate of the nonvolatile

‘memory element and the gates of the other MIS

transistors are not restricted to the polysilicon

gates, but they méy well be stacked films in which

polysilicon is combined with tungsten silicide or the

like. Likewise, the metal wiring is not restricted to

.the aluminum wiring, but it may well be tungsten

wiring, copper wiring, or any other stacked film

wiring.

Besides, the threshold voltage states of the

' erase state and the write state may well be defined

reverse to the foregoiﬁg. Moreover, the circuit
modules which.are merged and packaged in the
semiconductor integrated circuit are not restricted to

those in Fig.lz and Fig. 33, and it is not excluded to
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merge and package'any other circuit such as a direct

memory access controller.

| Further, the load of the remedy information froﬁh
the'flash memory into the register is not restricted
to the synchronism with the command of reset, but it

may well respond to the command of an-appropriate

‘operation mode. Besides, redundant data lines mey

well be laid in order to remedy faulty bits. Also,-

the cache memory is not restricted to the direct map,

but it may well be set-associative, fﬁll—associative

or the like.
~ Advantages which are attained by typlcal ones of
lnventlons disclosed in the present appllcatlon are
brlefly explalned as . follows.
The dlfferentlal connection form of nonvolatile
memory elements 1s-adopted for the memory cell of a

nonvolatile memory, and the initial threshold voltage

" and the readout word line selection voltage of the

nonvolatile memory elements are set to be

substantially equal within the range of a voltage

width within which the sensitivity of a sense

amplifier is high, so that even'if one nonvolatile
memory element has turned faulty due to the gradual
fall of the threshold voltage of the nonvolatile

memory elemeht having a high threshold voltage or the
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gradual rise of the threshold voltage of the
nonvolatile memory element-having'a low threshold

voltage, the threshold voltage of the faulty memory

element - is confined in a state which is substantially

equal to the word line selection voltage, and'thét.the
gonVolatile.memory element is therefore in the
transient state or-ihtermediate'state between its ON
staté'and its OFF state, whereby its signal state
transmitted to the sense amplifier thrbugh a data line
brings this sense amplifier into the input state of

the transient response operation. Accordingly, if the

~ state of the other nonvolatile memory element is

normal, there is the very high possibility thét the

stored information of a correct logical,value before

- the deterioration will be obtained by the differential

amplification action of the sense amplifier, whereby a

long-term data retention capébility is enhanced, and

. lowering in the.rate of readout faults can be

realized.

Especially in case'oflprefiously setting tﬁe
initial threshold voltage at a voltage near the
average'value between the relativély low.threshold
voltage and the relatively high threshold voltage, it
is possiblé té substantially equalize'the occurring

probability of faults_aséribable.td the gradual fall
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of the high threshoidlvoltage of the nonvblatilé
memory-éiement and the occurring probability of faulfs |
ascribable to the grédual riSé of the low threshold
voltage of the'nonvolatilé memprj element, whereby. the.
retention capability for theistored.informétion can bé '
enhanced to the utmost. |

| For the purpose'of controlling the threshold
voltages, the iﬁpﬁrity of first conductivity type is
introduced into fhe floating'gatés of the nonvoiatile
memory elements which can be produced by the single-

layer polysilicon gate process; whereby the initial

- threshold voltage and word line selection voltage of -

the nonvolatile memory elements are readily set at a

voltage which is near the middle level of the

opérating supply voltage of the sense amplifiéf.
The thickness of the gate oxide films in the

nonvolatiie memory eleﬁents of single-layei gate

__strﬁctﬁre is made common with the thicknesses of the

_ géte oxide films of the MIS transistors of other

circuits, whereby the'nonvolétile memory -elements can
be endowed with é somewhat long information retention
capability by preferentially avoiding the complication
of the manufactuting process of a semiconductor

integrated circuit. In a case where alsatisfactory

information retention capability cannot be ensured in

- 103 -



10

15

20

25

point of the gate oxide film thickness when equalizing

‘the gate insulating film thickness of the nonvolatile

memory elements to that of the MIS transistors. of an
external interface circuit as explaiﬁed'above, the

information retention capability can be enhanced still

~more in such a way that the memory cell in which the

nonvolatile memory elements'are connected in the
differential form is adopted; and that, as described
before, the initial threshold voltage of the

nonvolatile memory elements is determined in relations

~ to the sensitivity of the sense amplifier and the word

line selection voltage and also in relations to the

high threshold voltage and low thréshold'vbltagé of

the nonvolatile memory elements.

Owing to the above, even with the sihgle—layer
gate process such as single¥layef polysilicon gate

process, it is possible to obtain a semiconductor

_integrated circuit such as system LSI in which the

honvolatilé-mémory'being excellent in the data
retention capability is merged and packaged with a

DRAM etc. - Further, since the nonvolatile memory of

" high reliability can be formed without adding any step

to a related art manufacturing process such as

standard CMOS manufacturing process, the present

invention is readily apﬁlied-to‘an LSI in which the
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nonvolatile memory and a loéic.LSI, or the nbnvolatile
memory and a DRAM are merged and packaged'on an
identical semicoﬁduc;or'Substraté. Accordingly, a
system LSI in which a flash memory is merged and
packagéd can be provided without increasing the cost

of manufacture.
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What is claimed is:

1. A semiconductor integrated circuit comprising a
nonvolatile pemory'which comprises a nonvolatile
memory cell including a pair of electrically

5 programmableVnonvblatile memory elements each having a
source, a drain, a floating gate and a control gate,
the péir of control gates béing cbupled to one word
line, the pair of drains being respectively coupled to

[ a pair of complementary data Iines, and in which

10 information items read out on the pair of

complementary data lines in accordance with mutually -
different logical sﬁates of éhe ﬁair of nonvolatile
memdry'elements are amplified by a sénse amplifier,
wherein | ' |

15 a selection voltage which-is'épplied to said

word line for the purpose of information readout froﬁ

~ said nonvolatile memory eieménts is substantially
equalized to:éﬁ“initial threshold voltage of said
nonvolatilé memory elements.

20 2. A semiconductor integrated circuit-ébmprising a
‘nonvolatile memory which compriées é nonvolatile.
'ﬁemory cell_includihg a pair of'electricallyn

prbérammable nonvolatile meﬁory elements each having a
MIS transistor and a control gate that is disposed so

25 as to interpose an insulating film between it and a

- 106 -

* c L n S *



10

15

20

25

floating gate of the MIS transistor, the pair of

controllgates being connected in common to a word

line, drains'of the pair of MIS transistors being'
respectively.coupled to different complementary data
lines, and in which information items read out on the
pair of complementary data lines in accordance with
mutuélly different lbgicai states of the pair of
nonvolatile memory elements are differentially
amplified by a:senée amplifief, wherein
. a difference voltage between a séleéfion voltage

which iS'appliéd to said word line for the purpose of
the'informatioh_readout from said nonvolatile memp?y
elements and an injtial thréshold-voltage of'said
nonvolatile memory elemen;s ié_a voltage being smaller
than a voitage width of anlinput voltage range within
which said sense amplifier is subjected to a transient
response operation. |
3. A sémicdnductof integrated’cixcuit'as'defined-in
Claim 2, wherein '_ |

o the mutually different iogical states of said

pair of nonvolatile memory elements are determined by

a relatively low threshold voltage state of one of

saidﬁnonvolatile memory eléments and a relatively high

-threshold voltage state of the other nonvolatile

memory element; and

SR ) O A R
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.thé_initial thréshoid voltage is a voltage which
is near an average value between the relatively low_
threshold voltcge and the relatively high threshold
voltage.

4. - A semiconductor integrated circuit as defined in

Claim 2, wherein

the source and the drain are formed of
sémiconductor regions of second conductivity type

which are provided . in a semiconductor region of first

‘conductivity type;

said floating gate is formed of a conductive
layer which is arranged over a channel defined bctween

said source and said drain, through a gate insulating

film; and

said control gate is formed of-g semiconductor
region of the second conductivity type which is
arraoged under a pottion_of_the conductive layer
extended from said floating gate, through a gate
insuiatinghfilm.'_ o |
5. A semiconductor integiated circuit as defined in
Claim 4, ﬁherein said floating gate_is formed haVing
an impurity.of the first conductivity type;-
6.° A semiconductor integrated circuit as defined in
Claim 5, further comprising a volatilc storage circuit

in which control information read out of said

* C L M s *
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‘nonvolatile memory is held, and a volatile memory

which includes a plurality of first volatile memory

‘cells and second volatile mémory ceils and in which

the firsﬁ"volatilé'memory cell is replace&_with the
second volatile memory cell in accordance.with the
control information tranéferred to said volatile
storage circuit. .

7. A sémiconductor integrated circuit as defined ih
Claim 6,fwhefein:said volatile memory is a cache
memory, and that a central pfocessing unit connected

to said cache memory is further comprised.

8. A semiconductor integrated_circuit'as-defined_in'

Claim 5, wherein said nonvolatile memory constructs a
part or the whole of a programmable logic circuit
whose stored information determines an:output logical

function corresponding to an input.

9, A semiconductor integrated circuit in which a

logic circuit, a nonvolatile‘membry and an.externél
interface circuit are merged and packaged on a
semiconductor substrate, wherein

said nonvolatile memory compriseé a nonvolétile
nemory e;ement which is cdnstructed so as to be
electrically programmable by a MIS transistor and a
control gate; said MIS transistor having a source and

a drain of second conductivity type formed in a
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semiconductor region of first conductivity type, a

gate insulating film forméd'on a channel defined

between said source and said drain,'and a floating

gate fbrmed on said gate insulating film; said control
géte beirng made of a semiconductor regién of the
second conductivity type formed under an extension
portion.of séid.fléating gate through a gate
insulating film; and

a gété insulating film of said MIS transistor
constituting said nonvéiaﬁile memofy element, and.a
gate insulating film of a MIS transistor included_in
éaid exfernal interface circuit have substantially
eqﬁal thicknesses.
10. lA'semiconductor integrated circuit in which a
logic circuit, a noﬂvolatile memory and an external
inferface circuit are include& on é_semiconducto;
substrate, wherein _ | | |

' said nonvolatiié-memory comprises“a nonvblatile
memory cell which includes a-pair of nonvolatile
memqry'elements:each being cOnstructed so as to be
'electricélly_programmable'by a MIS transistor and a
control gate; said MIS transiétor being formed Wiﬁﬁ a

source and a drain’of second conductivity type'in a

‘semiconductor region of first conductivity type, and a

_ floating.gate.over a channel defined between said
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source and said drain, through a gate insﬁla;ing film;
said control gate-béing made of a semiconductor region
of the second donductivity type formed under an
extension portion of said floating gate fﬁrough-a gate
inéuléping film; and'in which the pair of-contr01 ,
gates are connected in common to a.word line, while
drains of the pair of MIS transistorslare_coupled to a
pair of coﬁflemehtary data lines; said nonvolatile
memory being so operated thaﬁ information items . read
out on said pair of complementary data lines in
accordance with mutually'different threshold voltage

states of said pair of nonvolatile memory elements are

~differentially amplified by a sense amplifier;

'a‘difference voltage between'a selection voltage
which is applied to said word line for.the'purpose_of
the information readout from said nonvolatile memory

elements and an initial threshold voltage of said MIS

. transistors COnstituting said nonvolatile memory

elements is a voltage being smaller than a voltage
width of an input voltage range within which said
'sepse amplifier is subjected to a transient response
Qperatidn; and

| the gate insulating films'of said MIS .
traﬁsiétors constituting said nénvolatile memory

elements, and a gate insulating film of a MIS
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 transistor included in said external interface circuit
have substantially equal thicknesses.

11, A semiconductor integrated circuit as defined in

Claim 10, whereln
the mutually dlfferent threshold voltage states
of said palr-of nonvolatlle memory elements are

determlned by a relatively low threshold voltage state

~ of one- of said nonvolatlle ‘memory elements and a

.relatlvely high threshold voltage state of the other

nonvolatile memory element- and

the initial threshold voltage.is a voltage which
is near an averagesvalue between the reiatively low -
threshqld'voltage and the’relatively high threshold
voltage. '

12. A semlconductor integrated circuit as deflned in

'Clalm 11, wherein a DRAM is further included 'on sald

semiconductor substrate, and that a gate lnsulatlng
film of a MIS transistor 1nc1ude& in said DRAM and

said gate insulating film of said MIS transistor

" included in said external interface circuit have

substantially-equal thicknesses.
13. A semiconductor integrated eitcuit as defined int.
Claim 12, wherein the_thieknesses of said'gate

insulating fiims are substahtially equal within an

alloWabLe_range based on process deviations.
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14. A-semiconduqtor integrated circuit as defined in
Claim 11, wherein the gate insulating films of said

MIS transistors constituting said nonvolatile memory

elements are formed to be thicker than a gate

inéﬁlating film of a MIS transistor included in said
logic circuit.

15. A semiconductor integrated'circuit as defined in

~ Claim 11, wherein the floating gates of said MIS.

transistors constituting said nonvolatile memory
elements,.a gate of a MIS transistor included in said

logic circuit, and a gate of said MIS transistor

- included in the input/output circuit are formed at

substantially equal film thicknééseé.
16. A semiconductor integrated circuit as defined in
Claim 12,-wherein_the.flcating gates of said MIS

transistors'constituiing said nonvolatile memory

ielements, a gate of a MIS transistor included in said

logic circuit, a gate of said MIS transistor included
_in'the input/output circuit, and a'géte of said MIS
transistor included in said DRAM are formed at

substantially equal film thickﬁesseé.

'17. A semiconductor integrated circuit as defined in

Claim 16, wherein the thicknesses of said géte-
insulating films are substantially equal within an

allowable range based on process deviations;‘

—_— - 113 -
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18. A semiconductor integrated circuit in which a

logic circuit, a nonvolatile memory and an external

‘interface circuit are included on a semiconductor

substrate, wherein

said nonvolatile memory comprises a-nonvolatile

“memory element which is construeted so ‘as to be

electrically programnable by a MIS transistor and a
control gate, said MIS transistor being formed with a
source and a draln of second conduct1v1ty type in a
semiconductor region of flrst conduct1v1tYltype,_and a -
floeting gate_over‘a channel'defined between said
sbufee_and said drain,. through a gate'insuiating_film;

said control gate being made of a semiconductor region

of the second conductivity type formed under an

extension portion of said'floating gate-through_a gate
lnsulatlng film; and

~said gate 1nsulat1ng £ilm of sald MIS transistor

,'constltuting said nonvolatile memory element is formed

to be_ihicker than a gate insulating film of a MIS

_transistor included in said logic circuit.

19. A semiconductor integrated circuit in which a
logic cireuit, a nonvolatile memory and an external
interface circuit are formed on a semiconductor
substrate, wherein

.said nonvolatile memory comprises a nonvolatile
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‘memory cell which includes a pair of nonvolatile

_‘memory -elements each being constructed so as to be

electrically programmable by a MIS transistor and a.
control gate; said MIS transistor being formed with a
source and a drain of second conductivity type in a

semiconductor region of'first'conductivity type, and a

~ floating gate over a channel defined between said

- source and said drain, through a gate insulating film;

said control gate being made of a semicbnductqr‘region

of the second conduCtivity type formed under an

‘extension portion of said floating gate through a gate

- insulating film; and in which the pair of control

gates are connected in commoh to a word line, while
drains of the pair of MIS transistors are coupled to a.
pai: of complementary datazlines;.sgid nonvolatile.
memory being so operated that information items read
out from the nonvolatile memory cell onto said péir of
cqmplemeniary data lines in accordance with mutually |
different threshéld voltage states of said pair of

nonvolatile memory elements are differentially o

_aﬁplified by a sense amplifier;

a difference'voltaqe between a selection voltage
which is applied to said word line fbr_the purpose of
the information readout from_said nonvolatile memory

elements and an initial threéhold_voitagé'of said MIS

115 -



trahsistors includeﬁ in said nonvolatiié memory
elements is a voltagé being smaller than é voltage
width of an input voltage range within_ﬁhich said
sense aﬁpliiier is subjected to a.transient response
5 operatidn; and. |
-the gate insulating films of said MIS _
traﬁsistors constituting said nonvolatilé memory
elements are formed to be thicker than a gate
N inéulating'film'of a MIS transistor inéluded in said'
10 | logié circuit. | |
20. A'sémiconductor ihtégrated circuit as defined in
‘Claim 19, wherein | _
the mutually different thresﬁold vbltage states
of said pair of nonyblatile memory elements ‘are
15 determined by a relatively iow threshold voltage state
of one of said nbnvolatile memory elements and a
relatively high threshold voltage state of the other
nonvolatile memory eiement; and '
the initial threshold voltagé is a voitage which
. 20 is near an éverage value between fhe relati?ely low .
| threshold voltage and the relatively high threshold
voltage. | |
21. A semiconductor_integrated circuit és'defined in
Claim 20, wherein a DRAM is further included on said

25 semiconductor substrate, and that a gate insulating
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film of a MIS transistor included in said DRAM has a
thickness equal within an allowable range based on
prbcess deviations, to that of said gate!insulating

films of said MIS'transistors constituting said

.nonvolatile memory elements.
22. A semiconductor integrated circuit as defined in

' Claim 21, wherein the allowable range of the gate

insulating film thicknesses based on the process
deviations is approximately 0.5 nm relative to a
target film thickness.

23. A semiconductor_intégrated circuit as defined in

‘Claim 20, wherein the floating'gates of said MIS

transistors'conétituting said nonvolatile memory
elements, a gate of a MIS transistor included -in said

logic circuit, and a gate of a MIS transistor included

~ in the input/output circuit are formed at film

thicknesses equai within an allowablé_rénge'based on

- process deviations. !

24. A semiconductor integrated circuit as defined in

. Claim 21, wherein the floating gates of said MIS

‘transistors constituting said nonvolatile memory

elements, a gate of said MIS transistor included . in

said logic circuit, a gate of a MIS transistor

included in the input/output circuit, and a gate of

' said MIS transistor included in said DRAM are formed

(M
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at film thicknésses equal within an allowableée range -
based on process deﬁiations.

25. A semiconductor integrated circuit as defined in
Claim 54, wherein the allowable range of the gate film
thicknesses based on the process deviations is

approximately *10% relative to a target film'

thickness.
‘ 26. A semlconductor 1ntegrated circuit as deflned in

' Clalm 20, further comprising a volatile storage

01rcu1t in which control information read out of said
nonvolatile memory is held, and a volatile memory
whlch lncludes a plurallty of first volatile memory
cells and second volatile memory cells and in which
the first volatile memory cell is replaced w1th the
second volatile memory cell in accordance with the
controlﬂlnformatlon transferred to sald volatile
storage circuit. |

27. A semiconductor integrated’'circuit as defined in

- Claim 26, wherein said volatileumemory is a cache -

memory, and that said cache memory is connected to
said'logic circuit.

28. A semiconductor integrated circuit as defined in

- Claim 20, wherein said nonvolatile memory constructs a

programmable logic circuit whose stored information

determines an output logical function corresponding to

' - 118 -
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. an input.

29. A semicbnducto: integrated circuit comprising:
| a memory array which includes a plurality of
ﬁolatile memory cells; |

an electrically erasable and programmable-

nonvolatile memory in which remedy information for

said memory array is stored;'
 a volatile storage circuit in which the remedy
information stored in the nonvolatile ﬁemory cell is
to be storé&; and
a signal line'which transmits a controi sighai'
%for giving commands in parallel for an operatibn of
reading said remedy information_out of said
nonvolatile memory and an opération oflwriting said
.remedy information into said volatile memory;.
Said-qonvolatile memory_including‘gate

electrodes of single layer.

©30. 'Afsemiéonductor'integrated'circuit'as defined in

Cclaim 29, wherein the control signal is a reset
_signal. _
31. A semiconductor integrated circuit as defined in

Claim 30, wherein said memory array includes mémory

cells of a dynamic random access memory.

32. A semiconductor integrated circuit as defined in

Claim 30, wherein said memory array includes memory

- 119 - S —
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cells of a static random access memory.

33. A semiconductor integrated circuit as defined in

‘Claim 32, wherein said memory array is a cache memory.

34. A semiconductor integrated circuit as defined in
Claim 30, wherein said nonvolatile memory is

configured of memory cells which are coupled in a

-differential form.

35. A.nonVolatile memory element comprising:
 a semiconductor substrate;

a fifst well fegion of first conductivity type
which_is formed in said semicohductor sﬁbstrate;

a second well region of second conductivity type
which is formed in'said’semieonductor substrate; |

a source region of the second conduct1v1ty type
whlch is formed in the first well, and which is to be
coupled to-a source-llne°. .

a drain region of said second conduct1v1ty type

whlch is formed in said flrst well, and which is to. be

‘coupled to a data line;

a first insulating film which is formed on a

part of a principal surface of said first well regidn“

as lies between said source region and said drain

region;
a second insulating film which is formed on a

principallsurface of said second wellfregion;
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a gate electrode which is formed on the first

and secohd insulating films;

a first region which is formed in said second

~ well region, and which is to be coupled to a word

line; and

a second region whlch is formed in sald first
well reglon, and which serves to feed a potent1a1 to
said flrst well region;

a poténtial of said source region being set
relatively higher than potentials of said first

region, said second region and said drain region when

electrons accumulated in said gate electrode are to be '

.dlscharged.

36. A nonvolatlle memory element as defined in Claim
35, Qhereln, when the electrons accumulated in sald
gate electrbde are to be discharged, the potentials of
said first region, said sécon& region and said drain
region'are.respéctively sét'ét a first potential.

37. A nonvolatile memory element as defined in Claim
35,-Wherein the poténtial of said source region is set
at 7 volts, while fhe pqtentials of said first region,

said second flow region and said drain region are

respectively set at a grdund potential..
'38. A nonvolatile memory element as defined in Claim

35, wherein, when electrons are to be accumulated in
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said gate electrode, potenfialé of said second region
and said source region afé respectiveiy set at a first
. potential, a potential of said drain region is set at
-é-second potential being reiatively higher than the
5 first potential, and a potential of said second region
is set at a third potential being relatively higher

'than the second potential.

- 122 -~

% € L M 5 *



