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(57) Abstract
A bidirectional passgate switch

for connecting two conductors
utilizes  technology such as
electrically erssable programmable
read only memory (EEPROM).
The switch includes two EEPROM
components wherein the floating
gates of the components are shared.
In one embodiment a first n-channel
passgate transistor is wused for

Non-Volatlle Memory

Gate '
programming and storage of the

state of the switch. The oxide of Commo
the first transistor is a thin oxide n

to enable ease of programming, A
second n-channel passgate transistor
functions ag the bidirectional switch
wherein the source and drain
terminals are coupled to the routing
lines t0 be selectively connected.
The second transistor oxide is a thick
oxide to minimize the leakage due

L]

Routing Line 2

to tunneling. Thus, the programming lines and routing lines are separated, making the programuming process simpler while minimizing

leakage.
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relates to the use of non-volatile nmenory devices as nenory and
swi t chi ng eI errent s to provide progranmabl e bidirecti on ﬂmﬁu,ymm

2. AT . Programmabl e Ioglc

fiell rﬁ)eg&@ ) eT &6rayd (FPGA) require a Iarge hunber® ofs p&ogram
contf : CHPRLH - to @agetbat.s [t o connect two or nore wires together in
or dek héaaged JBtopeged Byi ¢ functiops specified in the design. For a
one f i AwIng o@aﬁ‘?ﬁablt@pagsd ce $uch as afiti-fuse FPGAs, the connection of
two Jors ABStERgH, o :\Brgesk..ate pagshmpl { shed by el ectrical |y annealing a junction
poi n (anti-fuse) with high vpltage and current such that the

r esilstDATE (DErmCE;{p'ﬂomw'&ﬁ fromyery hi gh to very |ow thus all ow ng
conducti on of srgnats +romr-ork wire ot her through the anti-fuse.
For re-progranmbl e FPGAs, one typical way of connecting two wires is
through the uYEH&T IS CL&MERIStrol | ed passgate as a switch. The SRAM can
be programmed t hrough standard nenory programm ng techniques in such a
way t hat the output of the SRAM bit can turn "on" or "off" the

associ at ed passgate. A ndmysladilé gmlﬂéhtmm SRMRA ClorIPriSingt WO dGSI red wires

t hrough t he passgatef Y/é?e @ each tine the co onent power ed down,
the states of the 2 HrShPPL-YRjakle Hapstos elempnt S%EH‘Sf“rﬂ)ﬁl éf%(ﬁ?ﬂ'&‘@“ uch as
a non-vol at i | 2 floatingERROSuarounded| inkmart iby © fidstroxide, rarl o @irstnmerinéndl] &s.

second terminal, and a third terminal, said first oxide of a thickness thin
enough to enable the placement of sufficient charge on i oating gate
for long term data retention by applying programming voltages to the
first terminal and second terminal; and

a second non-volatile transistor element comprising a second
portion of the floating gate surrounded in part by a second oxide, and a
fourth terminal, a fifth terminal, and a sixth terminal, said fifth terminal
and sixth terminals respectively coupled to a first conductor and second
conductor, said second oxide of a thickness thick enough to prevent
unwanted leakage current when woahng gate is programmed to an

"on” state connecting the first conductor and second conductor.

2. The non-volatile bidirectional switch as set forth in claim
1, wherein the first oxide has a thickness in the range of 50-110
Angstroms.

3. The non-volatile bidirectional switch as set forth in claim

1, wherein the second oxide has a thickness in the range of 100-500
Angstroms.

4. The non-volatile bidirectional switch as set forth in claim
1, wherein the first and fourth terminals are coupled together.
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:DtCT{ LSJS?S{agigI8§9apparent that certain distinct advantages JMWJM"MMWFO'

using non-volatile menory elenments to function as the swi‘t ches™t os
program the progranmabl e | ogi c device. However, such prior art elements
are unidirectional and incur data retention,problens. Figure 1A
illustrates a prior art exanple of a non-vgllati |l e menory switch show ng

a unidirectional signal path. The two n-channel non-volatile

transi stors shared conmon gates, including the floating charge capacitor
of the elenent. The first transistor 10 is used as a nenory storage

el erent and the seond t’l’"raa"lﬁbﬁI\QﬂatiE bidiresgondnswincldias et famhlinpAsingat e.

Wh h i ' i
Uhrough i nver cer et ¥ 08nd bl Tradi S ABblyale 3 prSRidihn@ReP oS
cCircuitry 25 woleiger@pprtosthenfirss itermainal and| granndinguthe seepnadeaminalough

t he passgate. The regenerated signal is further boosted by a second
driver-inverter 30.

6. The non-volatile bidirectional switch as set forth in claim
5, wherein the floating gate is programmed by grounding the first
terminal and setting the second terminal to the programming voltage.

7. An array of non-volatile bidirectional switches arranged
in rows and columns, each switch programmably coupling a pair of
routing lines;
each switch comprising:
a first non-volatile transistor element comprising a first
portion of a floating gate surrounded in part by a first oxide, and a
first terminal, a second terminal, and a third terminal, said first
oxide of a thickness thin enough to enable the placement of
sufficient charge on floating gate for long term data retention
by applying programming voltages to the first terminal and second
terminal; and
a second non-volatile transistor element comprising a
second portion of ﬁédﬂoatmg gate surrounded in part by a second
.oxide, and a fourth terminal, a fifth terminal, and a sixth terminal,
said fifth terminal and sixth terminal respectively coupled to a first
conductor and second conductor, said second oxide of a thickness
thick enough to prevent unwanted leakage current when
floating gate is programmed to an "on" state connecting a first
conductor and second conductor of the pair of conductors;
a first set of control lines, each control line coupled to each first
terminal and fourth terminal of each switch in a row; and

AMENDED  SHEET
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Figure 1B shows another prior art exanple of an array of elenents

wherein logic 0 and logic 1 of a unidirectional swtch ﬁmumjmmmmm
controlled to effect a unidirectional signal path to sel a
product termof the inputs. Figure 1Cillustrates a prior® aft &xafiple of

usi ng non-vol atile nmenory to forma progranmabl e NOR function. A

non- programrabl e n-i nput NOR gate can be foI‘rv;rrred by having n parall el

stages of n-channel transistor 51 with diff€rent input terminals (IT) 50 as
i nputs and conmon product . term nals (PT) 52 as output with Vds (53)
grounded. For progr éﬁﬁﬁ%‘%S%ta‘g?ec,or’lmﬁd*’@srl@cé‘hﬁmrfﬁﬂl%ﬁ:wlﬁﬁéﬁﬁashor s

54, 55 and 56 ssrdndeterimgalt deesthadeBcloin bh@lemon gate line (CA) 57,

word select line (WBL) 58, and WDL 59, the node Vd 53 can be pr ogr ammed
to be either grounded or floating. If vd 53 is floating, then IT 50 is
di sconnected to be a input for the NOR structure. When Vd 53 is at

ground, then IT 50 s ong of the NOR i nﬁu_ts. By constructi ? an n-
paral | el structuresSof thBeasAyasssesforthdnradainc?wmhgreipthe firstrexids2?) and

i ndividual |y cleay¥ & ehlckeleddIin {HeSpanige JIS0eI TohRhgadrom¥sound or float, a minput
NCOR function can be programmed where mis |ess than or equal to n. The
I nput signals go to ITs (50) and the NOR function operates on those

transi stors 51 where the associated Vds (53) are grounded. The resulting

output of the minput NOR is the common product term 52.
9 The array as set forth in claim 7, wherein the second

oxide has a thickness in the range of 100-500 Angstroms.

10.  The array as set forth in claim 7, wherein the first and
fourth terminals are coupled together.

11.  The array as set forth in claim 7, wherein the floating gate
of each switch of a selected row is erased by applying a programming
voltage (Vpp) to a first selected control line of the first set of control
lines coupled to the selected row and coupling the second set of
control lines to ground and the first control lines, excluding the
selected control line of th;?é? of control lines, to ground.

12.  The array as set forth in claim 7, wherein the floating gate
of a selected switch is programmed by cou%l_:ii_r;éta seéect'ged first control
line of the first set of control lines coupled to aﬁte?rrllwina?ugf the selected
switch to ground, coupling a selected second control line of the second
set of control lines coupled tosﬁ?gnrr%inal of the selected switch to the
programming voltage, coupling control lines of the first set of control
lines, exclusive of the selected first control line, to a voltage level
sufficiently high to prevent accidental programming of unselected

AMENDED  SHEET
15 Jan 999




WD 97/ 05624

Esaégﬁgg/eogggg fromthe above exanples, the prior art dev“!wfmlljlmﬂmmwd

are used to form progranmabl e n-input, one output |ogic functions
havi ng uni directional signal flow In addition, other problens exi st
with the prior art devices. These proble w il be explained with
reference to Figures 2-5. Figure 2 shows a comonly

known- channelgwi ol atil e, trapsistor .in s olic form Figure 3

1T ust r at 66 fnchcordling control Rags Obi 9ebnd seh O <BBIal H s pt i 1 e
capaci t or noelellusioenfshewelhgtal secontll @atioldirehas geovapgaci t or and substrate
capacitor nodel. It is conmonly known that the voltage at node 305
(represented as X) is the fraction of t he capacitance of the floating
charge capacitor 310 divided by the sum of t he capacitance of the

fl oati ng charge capacitor 3&0 and the capacita&nc_e of,. _the suybstrate
capaci tor 315 (cobﬁi i“h G tRPH IPr PRRTAHIE _DOByVE ﬁ@lethCBr%PF‘ﬁgé‘.""tc

Initially, bedmpeishiytipr ogparfi ng, all voltages are zero. Duri ng

oot B ST O SRSl Bl Ybing a 0" 2 1
portion of a floating gate surrounded in part by a first oxide, and a first
terminal, a second terminal, and a third terminal, said first oxide of a said,
thickness thin enough to enable the placement of sufficient charge on the~
floating gate for long term data retention by applying programming
voltages to the first terminal and second terminal and a second non-
volatile transistor element comprising a second portion of the floating
gate surrounded in part by a second oxide, and a fourth terminal, a fifth
terminal, and a sixth terminal, said fifth terminal and sixth terminal

. Tespectively coupled to a first conductor and second conductor, said
second oxide of a thickness thick enough to prevent unwanted leakage
current when oating gate is programmed to an “on” state connecting

the first conductor and second conductor coupling the first and fourth

terminals together;

if &%oating gate ts to be erased, applying a programming
voltage (Vpp) to the first terminal and grounding the second terminal;
and said
if—;h?ﬂoating gate is to be programmed, grounding the first

terminal and setting the second terminal to the programming voltage.

FAMENDED SHEET
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termnal to the floating gate capacitor resulting in a negative voltage on
the floating gate capacitor ClL. After the erase operation is conplete, the
source and the gate termnals are grounded, as shown in Figure 4B, and

the charged floating gate capacitor Cl is at -5 Volts. In actual circuit
operation, the W@%M64set at Vcc which is at 5V (or 3.3 V forPQIaR¥#hage
operation). In the 5 V case, as shown i'rn Figure 4C, the node voltage 405 is
at .-2 Volts indicating that the transistor is at the "off' state, that is,

t he transi stor i s non-conducti ng. During the programm ng
node, as shown in Figure 5A, the gate termnal is coupled to ground and
the source termnal is coupled to V++, t he--pr-ogramm ng vol tage (Vpp).
In this node, the electron charge fl ows from Capacitor Cl to the source
termpal, resulting in a positive voltage at the floating gate

capacitor. Figure 5B sho
normal circuit operation ' % ;
the gate voltage is set to Vbc t he nor gBl In the case
the voltage at CL is at 3 volts, the voli2Ra ies is at 6 volts,
whi ch is higher than Vcc, indicating that the transistor is conducti ng.
Since the state has a voltage higher than Vcc, the need to

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to switches for programming
programmable logic devices. More particularly, the present invention
relates to the use of non-volatile memory devices as memory and
switching elements to provide programmable bidirectional connections.

2. Art Background

Programmabile logic circuits such as field programmable gate
arrays (FPGA) require a large number of program controlled switching
elements to connect two or more wires together in order to form the
proper logic functions specified in the design. For a one time
programmable device such as anti-fuse FPGAs, the connection of two or
more wires are accomplished by electrically annealing a junction point
(anti-fuse) with high voltage and current such that the resistance were
lowered from very high to very low thus allowing conduction of signals
from one wire to the other through the anti-fuse. For re-programmable
FPGAs, one typical way of connecting two wires is through the use of
SRAM controlled passgate as a switch. The SRAM can be programmed
through standard memory programming techniques in such a way that
the output of the SRAM bit can turn "on" or "off" the associated passgate

. thus allowing the connection of two desired wires through the passgate.
However, each time the component is powered down, the states of the
- bits would have to be reloaded from a source, such as a non-volatile

EEPROM or the like, in order to reprogram the bits.
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PCT/ US96/ 09889 4 have t he
voltage | evel regeneration circuitry show in Figure 1A is el i m nat ed.
An additional feature is that the conducting resistance of the on- st age
is | ower as thewossmwbdzsaof t he hi gher gate vol tage thus i nproviheF/Uss/o98sse
speed of the gate. A single transistor structure as descri bed
above can be used both as non-vol atil e nenory storage el enent and a

swi tch connecting or di sconnecting two |ines, saving significant space
on the conponent die. However, there are problens when using a single
transi stor for dual functions due to the ni%ing of programm ng |ines
and routing |ines at t he source and drain nodes of the transistor.
Furthernore, when a si ndtis readily pppanent that sentaipdistingt adyani@gesieansbe et ent i on
is a problem adﬁeveaeaslnglmwvdlaﬂbanmbyelnmatts&e foinetiont e thassgat e

i s conducting tevitciie! P}g%. fcgftgdé‘ﬂ NEab
probl enms. A non- voI attsl evi ce glr ed, Charge on I‘?ko oat |§ il ate
suffers from potentl?"é‘?"a m ad ‘B’ér‘faéﬂ 6'@{1%@9
undesired tunnel i ngFigare lg.allusu'alteaja l@difiheniwlmﬂé miérnbcswitch

Such undesi red ?Lnﬁ%'h i h&*ﬁi@feﬁoﬁwﬁé ﬂpa?‘h iy B SRR 1,
oxide is thin to erftansistorsoghazedhcommon gates, including the ﬁoatmg charge capacitor
of the element. The first transistor 10 is used as a memory storage
element and the second transistor 15 is used an unidirectional passgate.
When the switch is turned on, a signal originating at point 20 passes
through inverter 22, the second transistor 15 to level regeneration
circuitry 25 which restores the signal level which was degraded through
the passgate. The regenerated signal is further boosted by a second
driver-inverter 30.

Figure 1B shows another prior art example of an array of elements
wherein logic 0 and logic 1 of a unidirectional switch are separately
controlled to effect a unidirectional signal path to selectively produce a
product term of the inputs. Figure 1C illustrates a prior art example of
using non-volatile memory to form a programmable NOR function. A
non-programmable n-input NOR gate can be formed by having n paraliel
stages of n-channel transistor 51 with different input terminals (IT) 50 as
inputs and common product terminals (PT) 52 as output with Vds (53)
grounded. For programmable case, Figure 1C shows by using transistors
54, 55 and 56 and setting the states of the common gate line (CGL) 57,
word select line (WSL) 58, and WDL 59, the node Vd 53 can be
programmed to be either grounded or floating. If Vd 53 is floating, then
IT 50 is disconnected to be a input for the NOR structure. When Vd 53 is
at ground, then IT 50 is one of the NOR inputs. By constructing ah n-
parallel structures of the devices of Figure 1C with common PTs (52) and
individually controlled Vds (53) to be either at ground or float, a m-input
NOR function can be programmed where m is less than or equal to n.
The input signals go to ITs (50) and the NOR function operates on those
transistors 51 where the associated Vds (53) are grounded. The resulting
output of the m-input NOR is the common product term 52.



of the device. When the device is used as nenory only, the data | oss
potential is not a problemas the duration of data read operations are
brief. Typically, nost manufacturers specify a m ninumdata retention
period of ten years for devices that experience nornmal usage. The
undesi red t unneWPYPSEHOWever, can happen during the read BEEURIG/IBBI o f
the nmenory cell when the device is in the conducting node. Afieldis

i nt.roduced across the dielectric due to the voltage difference bet ween
the source and the gate. For the nenory cell this read period is very
short hence the disturbance is mnimal. For apglications where the

device is used for connecting two wires conduclting signals fromto

unnali ng across the oi 8 85% PEest e s e Sades, HE prgt R fefies 1 (e
devi ce over a shor degseibedarefused te form programnializ neipad, one cutput logic

PCT/ US96/ 09889 functions having unidirectional signal flow. In addition, other problems

) exist with the prior art devices. These problems will be explained with
reference to Figures 2-5.

Figure 2 shows a2 commonly known-channel non-volatile
transistor in symbolic form. Figure 3 illustrates the same n-channel
non-volatile transistor in a simplified capacitor model form showing a
floating charge capacitor and substrate capacitor model. It is commonly
known that the voltage at node 305 (represented as X) is the fraction of
the capacitance of the floating charge capacitor 310 divided by the sum of
the capacitance of the floating charge capacitor 310 and the capacitance of
the substrate capacitor 315 (coupling ratio) multiplied by the gate voltage.
Initially, before any programming, all voltages are zero.

During erase mode, as shown in Figure 4A, the gate is set at V++
programming valtage (Vpp) to allow electrons to flow from the source
terminal to the floating gate capacitor resulting in a negative voltage on
the floating gate capacitor C1. After the erase operation is complete, the
source and the gate terminals are grounded, as shown in Figure 4B, and
the charged floating gate capacitor CI is at -5 Volts. In actual circuit
operation, the gate is set at Vcc which is at 5V (or 3.3 V for low voltage
operation). In the 5 V case, as shown in Figure 4C, the node voltage 405 is
at -2 Volts indicating that the transistor is at the "off" state, that is, the
transistor is non-conducting.

During the programming mode, as shown in Figure 5A, the gate
terminal is coupled to ground and the source terminal is coupled to V4++,
the programming voltage (Vpp). In this mode, the eleciron charge flows
from Capacitor C1 to the source terminal, resulting in a positive voltage
at the floating gate capacitor. Figure 5B shows the voltage at C1 tobe 3
volts. In the normal circuit operation mode, wherein all memory cells
are programmed, the gate voltage is set to Vcc, the normal power supply.
In the case the voltage at C1 is at 3 volts, the voltage at node 505 is at 6
volts, which is higher than Vcc, indicating that the transistor is
conducting. Since the state has a voltage higher than Vcc, the need to



5 SUMVARY OF THE | NVENTI ON The present

I nvention provides a non-vol atile switch conprising a non-volatile
floati ng gate device (such as EEPROM or Flash) as a programabl e switch
controll ed through non-volatile nenory device to connect two or nore
wires for the uswoymesedpr ogr ammabl e | ogi ¢ devi ce. The non-RGVIRENHIEE
switch replaces prior use of a SRAM bit- and associ at ed passgat e thus
reducing silicon area hence cost I n one enbodi nent, the

bi directional passgate switch utilizes technol ogy such as electrically
erasabl e programmabl e read only nenory (EEPRCM or Flash nmenory. The
swtch includes two EEPRO\/I or FI ash menory corrponents wherei n the

fl oati ng gates of are hared. .The. first cha
passgate transi stob‘qvg i‘ %é?ﬁ?ﬂ?f“ﬁ’é’ sgnp B ﬂ@ $t ate of

the switch. The oxmimm&teﬂheAi'uadkhtiomdrfeatntecnsthat athe condhctmg)mswnce ofthé| e

ease of progranm ngyn. Q @Egﬂ R ons
as the bidirecti on néli eréeéltglgt lofmseg{&g@%ggétg v:??%g%ltt er méufgps
coupled to the rout sel ectively connected. The second

transistor oxide is a't tA s:klgtedrma'tor structnrenasndeseribed abewk carebelused oth as
tunneling. Thus, t %IW&QM% |£@ﬁ ele,ﬁaﬁ U} isRdrdhl &gﬁﬂe@ﬁ%aepar at ed,
maki ng the progra roces nim zi ea
BRI EF DESCRI PTI O clisopre M\?ﬁ‘\'@é ineS, svinig significant space o Bk compéitbnt die.
However, there are problems when using a single transistor for dual
functions due to the mixing of programming lines and routing lines at
the source and drain nodes of the transistor. Furthermore, when a single
transistor structure is used, data retention is a problem.

Read disturbance problems arise when the passgate is conducting
fo couple two connectors resulting in data retention problems. A non-
volatile device with stored charge on a floating gate suffers from potential
charge loss over a long period of time due to undesired tunneling (charge
injection) through the tunnel dielectric which consists of a thin oxide
(typically less than 100 Angstroms). Such undesired tunneling is one of
the primary causes of data loss. The oxide is thin to enable programming
of the device. When the device is used as memory only, the data loss
potential is not a problem as the duration of data read operations are
brief. Typically, most manufacturers specify a minimum data retention
period of ten years for devices that experience normal usage.

The undesired tunneling, however, can happen during the read
operation of the memory cell when the device is in the conducting mode.
A field is introduced across the dielectric due to the voltage difference
between the source and the gate. For the memory cell this read period is
very short hence the disturbance is minimal. For applications where the
device is used for connecting two wires conducting signals from/to
source to/from drain of the device, the disturbance, and therefore the
tunneling across the dielectric, can be significant causing failure in the
device over a short period of time.



Figure 1A illustrates a prior art exanple of a non-volatile nenory

switch showi ng a unidirectional signal path. Figure 1B shows anot her

prior art exanple where logic O and logic 1 are separately controlled to
effect a unidirectional signal path. Figure 1C shows a prior art exanple
show ng a four W@SHS6M4ors structure. Fi gure 2 showBCHUS®SNASA| v
known n-channel non-volatile transistor in synbolic form

Figure 3 shows the n-channel non-volatile transistor of Figure 2 usi ng
a floating charge capacitor and substrate capacitor nodel

representation. WO 97/ 05624 5

PCT/ US96/ 09889 6

SUMMARY OF THE INVENTION

The present invention provides a non-volatile switch comprising
a non-volatile floating gate device (such as EEPROM or Flash) as a
programmable switch controlled through non-volatile memory device to
connect two or more wires for the use in a programmable logic device.
The non-volatile switch replaces prior use of a SRAM bit and associated
passgate thus reducing silicon area hence cost.

In one embodiment, the bidirectional passgate switch utilizes
technology such as electrically erasable programmable read only memory
(EEPROM) or Flash memory. The switch includes two EEPROM or Flash
memory components wherein the floating gates of the components are
shared. The first n-channel passgate transistor is used for programming
and storage of the state of the switch. The oxide of the first transistor is a
thin oxide to enable ease of programming. The second n-channel
passgate transistor functions as the bidirectional switch wherein the
source and drain terminals are coupled to the routing lines to be
selectively connected. The second transistor oxide is a thick oxide to
minimize the leakage due to tunneling. Thus, the programming lines
and routing lines are separated, making the programming process
simpler while minimizing leakage.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A illustrates a prior art example of a non-volatile memory
switch showing a unidirectional signal path. Figure 1B shows another
prior art example where logic 0 and logic 1 are separately controlled to
effect a unidirectional signal path. Figure 1C shows a prior art example
showing a four transistors structure.

Figure 2 shows a commonly known n-channel non-volatile
. transistor in symbolic form

Figure 3 shows the n-channel non-volatile transistor of Figure 2
using a floating charge capacitor and substrate capacitor model
representation.



Figure 4A illustrates a device during erase node. Figure 4B Il lustrates
a device after erase. Figure 4C shows a device follow ng the capaci tor
nmodel when the device in the "off" state. Figure S5A illustrates
a device during progranmm ng node. Figure 5B illustrates the device
after progranmwegerdsegure 5C il lustrates a device f ol | ow PER/USHE0I88Y
capaci tor nodel when the device is in the "on" state. Fi gures
6A and 6B il lustrate enbodi nents of the non-volatile, bi di recti onal
switch of the present invention, Figure 7 illustrates a

non-vol atile bidirectional switch array in g accordance with the

teachi ngs of the present invention. Figure 8 is a table

depicting illustrative ﬁ@&ﬁﬂ& agp% L{Sg‘ %rﬂ t m!n|d e %ﬁg rd lines
of an array of sw tches roglrla th% | c% 12 erase ?c%' 51#5 off
DETAI LED DESCRI PT| dlystrates prdewigerafteremase tRignnec4 @ shows

foll ow ng descri pttgm&pmoaé] msﬂ@fd@x@ﬂrmbwgﬁ" state. nurrerous det ails
are set forth, in ofder to provide a thorough under st andi ng of the

present invention. HOWepghre SA irbtratl§ a HiRedliring programming mode. Figure
5B illustrates the device after programming. Figure 5C illustrates a device
following the capacitor model when the device is in the "on" state.

Figures 6A and 6B illustrate embodiments of the non-volatile,
bidirectional switch of the present invention.

Figure 7 illustrates a non-volatile bidirectional switch array in
accordance with the teachings of the present invention.

Figure 8 is a table depicting illustrative voltages applied to the bit
lines and word lines of an array of switches to program the identified
switch on and off.

DET. D E FERRED EMBODIMENT

In the following description, for purposes of explanation,
numerous details are set forth, in order to provide a thorough
understanding of the present invention. However, it will be apparent
to one skilled in the art that these specific details are not required in
order to practice the present invention. In other instances, well
known electrical structures and circuits are shown in block diagram
form in order not to obscure the present invention unnecessarily.

As will become apparent below, the non-volatile switch of the

. present invention provides a number of distinct advantages including a
40% or more improvement in switch density over prior art SRAMs given
same process technology feature size and the elimination of a companion
EPROM or EEPROM device for configuration loading. The non-volatile
switch of the present invention also provides advantages over prior art
non-volatile memory devices including improved data retention and



to one skilled in the art that these specific details are not required in

order to practice the present invention. In other instances, well known
el ectrical structures and circuits are shown in bl ock diagram formin
order not to obscure the present invention unnecessarily. As

wi || becone appawomtossz4 ow, the non-volatile switch of the POTAISS6/9889

I nvention provides a nunber of distinct-advantages including a 40% or
nore inprovenment in switch density over prior art SRAMs given same

process technology feature size and the elimnation of a conpanion
EPROM or EEPROM device for configuration |oading. The non-volatile
swtch of the present invention also provides allvantages over prior art

non ol aLll,e Menr Vyfke-htRal itk WIR! S Sed 3F SokiES Mg arenitry

7 bi di r ect i onal Th® Reacyolatile, hidireqtionabewitdh of dhe pyesend juventicm isn

circuitry. described utilizing n-channel transistors; however, it is contemplated that
) other configurations of non-volatile transistors can be used.

Figures 6A and 6B illustrate one embodiment of non-volatile
bidirectional passgate switch using technology such as electrically erasable
programmable read only memory (EEPROM), including Flash memory.

The switch includes two transistors wherein the floating gates of
the two transistors are shared. The first n-channel passgate transistor is
used for programming the switch and is typically has a thin oxide of 50 -
110 Angstroms. The thin oxide enables sufficient charge for long term
data retention to be place on the floating gate. Furthermore, the thin
oxide enables programming at typical or lower EEPROM programming
voltages. The second n-channel passgate transistor functions as a
bidirectional switch for connecting two conductors such as routing lines
in a matrix. To minimize leakage and improve data retention the second
transistor is typically constructed of a thick oxide (approximately 100 - 500
Angstroms).

The bidirectional nonvolatile switch results in a configuration in
which the programming lines and routing lines are separated. The
programming lines are used to perform a straightforward programming
process of a portion of the device that appears as a traditional nonvolatile
transistor, such as memory bit. A second portion of the device includes
a thick oxide charge gate device that functions as a bidirectional passgate
switch connecting at least two signal lines and controlled by the memory
bit. The resulting memory-passgate device is significantly smaller than
the comparable SRAM-passgate device. In additional to die size
reduction, this embodiment also eliminates the need to have a
companion EPROM/EEPROM memory device to load the program
configuration thus resulting in further savings in both board space and
components costs.

Referring to the embodiment set forth in Figure 6B, the
programming window is set at [-5V, 3V] wherein capacitor voltage at C1 is
charged to -5 Volis at Erase Mode and capacitor voltage at C1 is charged to



The non-volatile, bidirectional switch of the present invention is
described utilizing n-channel transistors; however, it is contenplated that
ot her configurations of non-volatile transistors can be used.

Figures 6A and 6B illustrate one enbodi ment of non-volatile

bi di recti onal P#@IYEs6R switch using technol ogy such as el ect r PEHPB3$09889
erasabl e programmabl e read only nenory (EEPROM), including Flash
menory. The switch includes two transistors wherein the floating
gaftes of the two transistors are shared. The first n-channel passgate
transistor is used for programm ng the swi gch and is typically has a
thin oxide of 50 - 110 Angstrons. The thin oxide enables sufficient

charge for long te ret

Furt hernore, the t%q}r?lts at S %@ep%g&amg ag?( ’15;5& c{!ﬂ(i M?%&ﬁ%
EEPROM pr ogr ammi ngi anndlpags@e isTton"s Busopassgatetis essentipliy ged't aboyesther
functions as a deté Ms%ﬁ% w:st fasrsm{& andch
as routing lines . mnmzele 0
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to performa strai
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menory bit. A secoggitgRrtion of the device includes a thick oxide
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The resul ting menokijliged inaprogramimable dogic devicesuah lag adfiald mgltmnable
gate array (FPGA). The bidirectional switches are used to selectively
connect routing lines in the FPGA structure to interconnect various logic
and combinatorial elements resulting in a device that performs the
programmed function. An illustrative architecture is ilustrated in PCT
Application No. PCT/US94 /07187 published February 9, 1995.

Figure 7 illustrates an array of the non-volatile bidirectional
switches described above to replace prior SRAM/passgate structures used
in the prior art. Each switch is coupled to two routing lines, for example
switch 730 is coupled to routing lines 710 and 715. To program the switch
to connect routing lines 710 and 715, the corresponding word line 720 is
grounded and the corresponding bit line 725 is set to the programming
voltage Vpp (e.g. 12 volts). The remaining word lines are set to a voltage
level sufficiently high to prevent accidental programming of other
devices, for example, Ve (5 volts). The remaining bit lines are grounded.
Once programmed, all the word lines are set fo Vcc (e.g. 5 volts or 3.3
volts for the low voltage device case) and all the bit lines are in a "don't
care" state, which, depending on the actual process characteristics, can be
Vcec or float. The transistor 705 which is the memory bit is hence
programmed to the "on" state ("1") causing the programmable switch 730
(which has a thick gate oxide) to be in the conducting mode and therefore
functions as a connection between routing lines 710 and 715 without
experiencing data retention problems due to leakage.



t he conparabl e SRAM passgate device. In additional to die size

reduction, this enbodi nent also elimnates the need to have a conpani on
EPROM EEPROM nenory device to | oad the program configuration thus
resulting in further savings in both board space and conponents costs.
Referring to t hwaeesednent set forth in Figure 6B, the pr oBEHHSAG/QP88Y

w ndow is set at [-5V, 3V] wherein capacitor voltage at Cl is charged to
-5 Volts at Erase Mode and capacitor voltage at Cl is charged to WO
97/ 05624 PCT/ US96/ 09889
3 Volts at Programm ng Mode. Since voltage at Is at 6 volts when the

n- channel passgate is "on", the passgate is esstntially "charged" above the

| | t f .5, Vol t t ' th - St i St d
pover supply voltage of 2ol 5 ol IfS hAMLAG LAGERahA0 & T2 LSS B

an erase operation which is performed by seiting a selected word line to
the programming Vpp, all the bit lines to ground and the remaining
unselected word lines to ground. This step is repeated for each word line
until all the bits are "erased”. Once the array is initialized to an off state,
selective switches are programmed to provide the desired
interconnection through the on-state programming procedure described
earlier.

Figure 8 shows the programming sequence of the non-volatile
switch array. The values set forth in Figure 8 are preferably utilized by
first zercing out all the bits to be "off" by a "bulk erase” step that can be
likened to a written "0" state and the selective programming of switches
to the "on" state which is similar to writing 1" to the desired memory
bits. Once all the programmable switches are set at the desired "on" or
"off" states by programming the associated memory bits, the
programming lines (word lines and bit lines) are unselected. The word
lines are set to Vcc and bit lines are set to a "don’t care” state, which
depending on the characteristics of the process technology, can be Vec or
float.

The invention has been described in conjunction with the
preferred embodiment. It is evident that numerous alternatives,
modifications, variations and uses will be apparent to those skilled in
the art in light of the foregoing description.



I mproving the swtching spe ansistors with shared
charge and gates are utili z ﬁg 1mtlmﬁ“m:: on the thin oxide gate is not
a probl em because the ' ¢ OGCURS at e thick oxide gate. There is
much | ess | eakage probl em at the thick gate due to oxide thickness thus
i mproving both wooe70sa2éability and the life cycle of the prog o

SwWi t ch. As noted above, the-above described bidirectional swtch
can be utilized in a progranmabl e | ogic device such as a field

progr ammabl e gate array (FPGA). The bidirectional switches are used to
sel ectively connect routing lines in the Fg@& structure to interconnect
various logic and conbinatorial elenents réSulting in a device that
performs the programmed function. An illustrative architecture is
illustrated in PCT Application No. PCT/US94/ 07187 published February

9, 1995. Figure 7 illustrates an f the non-volatile

bi di recti onal sw tches descri bed above msace prior SRAM passgate
structures used . Each switch is coupled to two routing
i nes, for exanpl ewm'fé%Wl S coupled to routing lines 710 and 715.
To programthe switch to connect routing lines 710 and 715, the

corresponding word line_7 nded and t corresponding bit line
725 is set to the progrénngﬂljm“"ﬂav ‘P‘éﬂ' Ef]e‘ W}QS') The
remai ning word |i nes ar a fiwst nbn-\mlauib&mysxstor elémnt campfisimigea fikst pbrgibntof

pr ﬂ/e)nt _?_ﬁc' dent al , @guﬁ%ufl&&? tdﬂ?é('fﬁ xléé’ranﬁ)@ﬁf&'t é:y t ]
vol t's e remainin IL.Nes are 0 e
word |ines are set SF%r\dc 2), and r§ terminal, said I‘I’% ¢ aerﬁT’g thin

vol t age devi ce casehough talehablleethb ipladeineas ofisefficiend charge' d¢n the floxting' gateat e,
whi ch, dependi ng ook RfgAekMAlatR vOleRBSn Y AUPHRE PibipSnmd viltages to the
first terminal and second terminal; and
a second non-volatile transistor element comprising a second
portion of the floating gate surrounded in part by a second oxide, and a
fourth terminal, a fifth terminal, and a sixth terminal, said fifth terminal
and sixth terminals respectively coupled to a first conductor and second
conductor, said second oxide of a thickness thick enough to prevent
unwanted leakage current when the floating gate is programmed to an
"on" state connecting the first conductor and second conductor.

2. The non-volatile bidirectional switch as set forth in claim
1, wherein the first oxide has a thickness in the range of 50-110
Angstroms.

3. The non-volatile bidirectional switch as set forth in claim
1, wherein the second oxide has a thickness in the range of 100-500
Angstroms.

4, The non-volatile bidirectional switch as set forth in claim
1, wherein the first and fourth terminals are coupled together.
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Vcc or float. The transistor 705 ' ' e nenory bit is hence
programmed to the "on" statlﬂ!‘i mmﬂﬂlaﬂhe programabl e switch 730
(which has a thick gate oxi LOE N T conducti ng node and therefore
functions as a correction between routing lines 710 and 715 w t hout

experi enci ng (WO&7Meenti on probl ens due to | eakage. PEIYUSPGH8 /|
PCT/ US96/ 09889 9

Initially all the bits in the array are progranmed to an "off" state by
an erase operation which is perforned by setting a selected word line to
the progranm ng Vpp, all the bit lines to groyfd and the remaining

unsel ected word lines to ground. This step is“tepeated for each word |ine
until all the bits are "erased". Once the array is initialized to an off
state, sel ective switches are progranmed to provide the desired

5. The non-volatile bidirectional switch as set forth in claim
5, wherein the floating gate is erased by applying a programming
voltage (Vpp) to the first terminal and grounding the second terminal.

6. The non-volatile bidirectional switch as set forth in claim
5, wherein the floating gate is programmed by grounding the first
terminal and setting the second terminal to the programming voltage.

7. An array of non-volatile bidirectional switches arranged

in rows and columns, each switch programmably coupling a pair of

routing lines;
each switch comprising:

a first non-volatile transistor element comprising a first
portion of a floating gate surrounded in part by a first oxide, and a
first terminal, a second terminal, and a third terminal, said first
oxide of a thickness thin enough to enable the placement of
sufficient charge on the floating gate for long term data retention
by applying programming voltages to the first terminal and second
terminal; and
a second non-volatile transistor element comprising a
second portion of the floating gate surrounded in part by a second
oxide, and a fourth terminal, a fifth terminal, and a sixth terminal,
said fifth terminal and sixth terminal respectively coupled to a first
conductor and second conductor, said second oxide of a thickness
thick enough to prevent unwanted leakage current when the
- floating gate is programmed to an "on" state connecting a first

conductor and second conductor of the pair of conductors;
a first set of control lines, each control line coupled to each first

terminal and fourth terminal of each switch in a row; and

This Sheet Has Been R
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I nt erconnection through t amm ng procedure described
earlier. Fi gu unm’g!mmﬂ“mﬁ)gran’m ng sequence of the
env

non-vol atile switch array ues set forth in Figure 8 are
preferably utilized by first zeroing out all the bits to be "off" by a
"bul k erase" swWePTMOSE® can be likened to a witten "0" stPSTASIHISe
sel ective progranm ng of sw tches ‘to the "on" state which is simlar to
witing "1" to the desired nenory bits. Once all the programrabl e
switches are set at the desired "on" or "of f" states by programm ng the
associ ated nmenory bits, the progr anm ng I'ges (word lines and bit

| i nes) are unsel ect ed The word lines are’set to Vcc and bit lines are

set to a "don't care" t:he riLstics of
t he process technol ogy, %ﬁmbé@\fg Wolﬁ%%,@%g}?%q&?onﬂ\ &n&h%ggl !rll‘\%‘entlon
has been descri bederond terminaltofceachiswitehhia a colupamsf erred enbodi ment. It is
evi dent that nunerous alternatives, nodi fi cati ons, variations and uses

will be apparent to those skilled in the art in Iight of the foregoing
descri ption.

8. The array as set forth in claim 7, wherein the first oxide
has a thickness in the range of 50-110 Angstroms.

9. The array as set forth in claim 7, wherein the second
oxide has a thickness in the range of 100-500 Angstroms.

10.  The array as set forth in claim 7, wherein the first and
fourth terminals are coupled together.

11.  The array as set forth in claim 7, wherein the floating gate
of each switch of a selected row is erased by applying a programming
voltage (Vpp) to a first selected control line of the first set of control
lines coupled to the selected row and coupling the second set of
control lines to ground and the first control lines, excluding the
selected control line, of the set of control lines to ground.

12.  The array as set forth in claim 7, wherein the floating gate
of a selected switch is programmed by coupling a selected first control
line of the first set of control lines coupled to a terminal of the selected
switch to ground, coupling a selected second control line of the second
set of control lines coupled to a terminal of the selected switch to the
programming voltage, coupling control lines of the first set of control
lines, exclusive of the selected first control line, to a voltage level
sufficiently high to prevent accidental programming of unselected
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WHAT 1S CLAIMED I S: m‘mﬂme bi di rectional switch
conpri si ng: a first ﬂﬁ\“m\‘gm MSi stor el ement conprising a
first portion of a floating e sturrBuntled in part by a first oxide, and a
first termnal, a second termnal, and a third termnal, said first oxide
of a thicknessWO¥Ms@Aough to enabl e the placenent of sufficiRGHUSHEASY: on
said floating gate for long termdata retention by applying programm ng
voltages to the first term nal and second term nal; and a second
non-vol atile transistor elenent conprising a second portion of the floating
gate surrounded in part by a second oxide, angya fourth termnal, a fifth
termnal, and a sixth termnal, said fifth termnal and sixth term nals

respectively coupl ed.t I st,..conduct a con | d second
oxi de of a thickne eé"‘[eg'l %‘k&é{%‘bﬂgrs ‘?@ifbﬁ?’%ﬁ%&gg ‘%ég)g;éég&%ﬁ ent when
sai d floating gat excsiyenef thersetected seqond gonigelline,dorgrevndng the first
conductor and second conduct or.

13.. A -method for operating a non-volatile bidirectional switch
comprising the steps of: '

providing a first non-volatile transistor element having a first
portion of a floating gate surrounded in part by a first oxide, and a first
terminal, a second terminal, and a third terminal, said first oxide of a
thickness thin enough to enable the placement of sufficient charge on the
floating gate for long term data retention by applying programming
voltages to the first terminal and second terminal and a second non-
volatile transistor element comprising a second portion of the floating
gate surrounded in part by a second oxide, and a fourth terminal, a fifth
terminal, and a sixth terminal, said fifth terminal and sixth terminal
respectively coupled to a first conductor and second conductor, said
second oxide of a thickness thick enough to prevent unwanted leakage
current when the floating gate is programmed to an "on" state connecting
the first conductor and second conductor coupling the first and fourth
terminals together;

if the floating gate is to be erased, applying a programming
voltage (Vpp) to the first terminal and grounding the second terminal;
and

if the floating gate is to be programmed, grounding the first
terminal and setting the second terminal to the programming voltage.

This §
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2. The non-volatile bidirectional switch as set forth in claiml1,
wherein the first oxide has a thickness in the range of 50-110 Angstronmns.

3. The non-volatile bidirectional switch as set forth in claiml1,
wherein the second oxide has a thickness in the range of 100-500 Angstrons.
4. The non- wybabaseds bi di rectional switch as set forth in Clpairiisdsnosss

wherein the first and fourth term nals -ar197coupl ed toget her.
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11 5. The non-vol atile bidirectional switch as set forth in
claimb5, wherein the floating gate is erased by applying a progranm ng
voltage (Vpp) to the first term nal and grounding the second termnal.

6. The non-vol atile bidirectional switch as set forth in claim5, wherein
the floating gaveorssesw ogr ammed by groundi ng the first term nBCT/ESAG/09889t i ng
the second termnal to the programm ng- vd/7age. 7. An array of
non-vol atile bidirectional swi tches arranged in rows and columms, each
switch programably coupling a pair of routing |ines; each switch
conpri si ng: a first non-volatile transistor elenment conprising
a first portion of a floating gate-surrounded in part by a first

oxi de, and a first termnal, a second ternminal, and a third termnal,
said first oxi de of a thickness thin enough to enable the placenent

of sufficient charge on said floating gatestfor | gng term data
retention 50
. 2\ {
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by appl ying progranm ng voltages to the first termnal and second

termnal; and a second non-vol atile transistor el enent
conprising a second portion of said floating gate surrounded in part
by a second ,oxide, and a fourth termnal, a fifth termnal, and a
sixth term nal ,wo9msezeaid fifth terminal and sixth term nal PEEYSI/IRE y
coupled to a first conduct or and se¥dnd conductor, said second oxide
of a thickness t hi ck enough to prevent unwanted | eakage current when
fl dating gate is progranmed to an "on" state connecting a first
conductor and second conductor of the pair of..conductors; a first set
of .control lines, each control line coupled to each first terminal and
fourth termnal of each switch in seatirow, apge
12 a second set of control e es,jach control line coupled to each
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second term nal of each switch in a col um. 8. The array as
set forth in claim7, wherein the first oxide has a thickness in the range
of 50-110 Angstrons. 9. The array as set forth in claim?7,
wherein the second oxide has a thickness in the range of 100-500 Angstrons.
10. The arrawososed forth in claim7, wherein the first arRCHEEDIBE
termnals are coupl ed together. . a/7. The array as set forth in
claim7, wherein the floating gate of each switch of a selected rowis
erased by applying a progranmm ng voltage (Vpp) to a first selected control

line of the first set of control |ines coupled to the selected row and
coupling the second set- of control l|ines to ground and the first control
| i nes, excluding the selected control line of the first set of control

lines,to ground.
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12.

selected switch is progranmmed by coupling a selected first control
lines coupled to a first and fourth term na of the

coupling a selected second contr ol
of tIETAISSb/emsed

lines of the first set
i ne,
progranmm ng of

the first set of contro
selected switch to ground,
second set of WWm¥Ms624l i nes coupled to a second term nal
swtch to the progranm ng vol tage,
| i nes,
sufficiently high to prevent accidental

of contro
vol'tage | eve
unsel ect ed

sel ected second contr ol

<

13
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13. A nmethod for operating a non-volatile bidirectional swtch conprising
the steps of: providing a first non-volatile transistor el enent
having a first portion of a floating gate surrounded in part by a first
oxide, and a first termnal, a second termnal, and a third termnal, said
first oxide of WOUMSKess thin enough to enabl e the pl acenmenPCoAISI60I889
sufficient charge on said floating gate6fdbr long termdata retention by
appl yi ng programm ng voltages to the first term nal and second term nal and
a second non- volatile transistor elenment conprising a second portion of
the floating gate surrounded in part by a second oxide, and a fourth
termnal, a fifth te nlnal and a sixth term.pal,.said fifth term nal and
sixth termnal respeEt9We’y coupled to a first conductor and second
conductor, said second oxide of a thickness thick enough to prevent

unwant ed | eakage current when oating gate is programmed to an "on"
state connecting the first conductor and second conductor coupling the
first-and fourth™srmnals RERLAST ; i sgldgdbpating gat e i Sho&aguﬁ(?
erased, applyimg ggrogranmirjg vol taggvpp) to fhe firstg
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Figure 8
Word Line (WL] | Bi Line (BL)

Erase Mode ["0" State)
Row-Wide Erase

Selected Line(s) Vpp Ground

Unselected Line{s) Ground Ground
Program Mada [*1" State)
Bit-Wide Program

Selected Word Line Ground -

Selected Bit Line —_— Vpp

Unselected Word Linefs)| Vec * —

Unselected Bit Line(s) — Ground

Operating
Unselocted Lh’s Vee -

“: Raise the Voltage level sulhuamly high to pravent accidental
programming of other devices in the array.

**: Don't care, can be Vcc or float.
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