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Abstract

The adaptive learning circuit is designed on the basis of modeling of MFSFET
(Metal-Ferroelectric-Semiconductor FET) and the numerical results are analyzed. The output
frequency of the adaptive learning circuit is inversely proportional to the source-drain resistance of
MFSFET and the capacitance of the circuit. The saturated drain current with input pulse number
is analogous to the ferroelectric polarization reversal. It indicates that the ferroelectric polarization
plays an important role in the drain current control of MFSFET. The output frequency modulation
of the adaptive learning circuit is investigated by analyzing the source-drain resistance of MFSFET
as functions of input pulse numbers in the adaptive learning circuit and the dimensionality factor
of the ferroelectric thin film. From the results, the frequency modulation characteristics of the
adaptive learning circuit are confirmed. In other words, adaptive learning characteristics which
means a gradual frequency change of output pulse with the progress of input pulse are confirmed.
Consequently it is shown that our circuit can be used effectively in the neuron synapses of neural

networks.

* ERR, SHATABR TSR | M=

(Dept. of Electronic Materials & Device Engineering,

Inha Univ.) Agte) o} o] HuAee TS ¢ e K
"tERR, BB 4ONET - RS Y dEYas M2 vl AJrAaglen g 35
(Dept. of Semiconductor and Applied Physics, Yosu & by ik o]’ 7 vlEYaE Q1 FAlxg
National Univ.) AR, A 2 A, gmlE A2 AlEe]
X B F20004E11 A13H, F445A:200147H20H A 22 vlE $RdTARS BRE AR,

(521)



olnl7] Az Aelsh & uyTEA vlejaledel 1 @
B7F5Ao] ofs- zek

i e zelA el Aolel Ales e wig|
4 “memory” 9} “leaming” F4& 7P gle1A,
N5% Agskn 4= g 94, A (eamning)
A7)% adaptive leaming $4& Hsta Sick o7

(o]

A, “adaptiveﬁlgeilﬁﬁﬁé" 2
235 Helgh Fol A5 e] Hslsle AR Ao
e}, el A¥la ¥te] o]elt adaptive learning
EAL floating-gate 2AFE AHEEE 2 W ES =)
g W& Qdfom E7akal olE 2A8EHA =4
Azl Soll gk H-gol oz A aiZ=] A
ore Ao} ol MFSFET (Metal-Ferroelectric—
Semiconductor FET) AAFE o]8% A28 N9
neuro—device 9 Zgjo] HIE WA A2 =)E
golski girk. o] W 7129 floating-gate 44}
o] \l3f 107 o]k} “write” F=t, HAH learning
B4, A7 el ek AxAd 5o e A
& AR gk zeld, MFSFET 24K olgdt
neuro-device &] 7-9- MFSFET A:4}¢] #HAlgh 5abg
W3} A5 ZelA adaptive leamning o W3 =27
Aol o}zl w14 Al AFHA ol sl
o] w-e Aefo] glch

webA, 2 gdFoAs MESFET AApe] mdalg
Hlelo 2 adaptive leaming 325 AAsty, 1 4
Aol AAE FA5l9t). Adaptive leaming 3|25
syl e,  MFSFET 2Ake} UJT (Uni-Junction
Transistor) AAFS AFEE} oscillation trigger 325
AAsled, MFSFET 47418 Alo]Es]] short pulse &
7Rl wel Ve Sia-seel Ade] wHIs
853 HEe 28513t Adaptive leaming 3|2
MFSFET 4x}e] 74734 Alo]lEe)] short pulse
l7igtel] whel xR o BFubde] vieh=
#F4bdol] ulE MESFET A4k
gelsle] AL-mE]l A3he
Xk o] dgsieh 2 AL square-law FET
walgRe] & MFSFET 2419 =aql AF w4
7 J. F. Scott 570] =5at 2914 #3ukd A4
< At ek vkA|whe & MFSFET 2419
A-ZE|Ql X3S oscillation trigger 2ol 248

ZHEAE Iy, Aa-mdgl A3k Wl o
oh g HErt ARhe Eqlsle] B oadTolla] A

&

il

N

=

=3

=

N

1o ox e
o

MFSFET 421& o423 Adaptive Learning Circuit & 474

2Pt 5 Aedle] dubAel

(522)

FEA 5

Ag 3127} adaptive learning S48 &3}Ho g vjel
9 7 9eE sk

=

A

s

[}
iz}

==
2o

n =

¥ d7ellAe MPSFET &Akst UJT aake 284
o] adaptive leaming 322 T8sgic) -

Saturation
Region

Negative
Resistance
Region

Cutoff point
777

rrr7r277

(a)

Base 2
O

o
Emitter

§ RBE‘

Logical
Operator

Base 1
o

Logical
Opsrator

(b)
Oz 1. (a) UJT 248 Ax-Ag 54
(b) Matlab simulink A]E#Ho]4& AlLa)t
UJT 9o s7h3l=
(a) Current-voltage characteristics of UJT
device.
(b) The equivalent circuit of the UJT used
in the matlab simulink simulation.

Fig. 1.



20014 87 EFI2eH%

Thyristor A€ UJT (Uni-Junction Transistor) 4
2= conductivity modulation o) s & l¥d
7 OFF Aejel & qetl~ ON AelE cetd=
2AL2A ome] A F 7le] o]~ chmic contact
SR A UIT &7k Fg. 1 () o BXo] ofv)
E] Agk-elrle] A7 FAdelM peak point ¢} valley
point & Wehllo], peak point & AF Ip Ho) AL
AFo A= cut-off G224 OFF A& zr=c} vl
Holl, peak 2} valley A%} Alolollde A 7hiel
wel AF7} Z718H= negative resistance AJEie]m,
valley point & AH Iv ¥} & 23} ¢dex ON A
Bg vhehich®

Fig. 1(a) ¢ & 4L el SolBles +
b7 f8l OR d4kA}l, HbzAd ~9%], A3, DC
Fgker A" UJT SV 25 Matlab Simulink
tool & o4, AAsl] Fg 1(b) o Yebiiglch UJT
2Ake] F2RE oulE Aol Fg. 1) ¥-¥ &
292 SWe o SWd & FAdsid =edl, 2904
SWd & dllule] Aol valley gt (Vv) Hr} & of
A=, SWe & odlvlE] Aste] UJT 9 peak XYt
(Vp) Br} 2 o S35} SWe o Fatol mep 9
2 SWa 7} =3, ORl 3} SWd ¢ Fao uje}
291A] SWhb 7} F2=d)h = OR2 7} 28k =9,
29)x] SWI o] EalatA Hoi efnle]ofir] wlo]xl 2
2 32 Ayl 3=2F b, SWI1 o] FXEA] o

A9 1A% R & o] 2L AF7h 2 Bk

Output (V)

RB1 UJT Rez
] [ ]
| SRS | | I
Base 2 Base 1
Vee Emitter
O—]
MFSFET Y

T
_TTL ) |
v, -
12 2. MFSFET ¢ UJT & AM3F oscillator trigger
3=z
Fig. 2. Oscillator trigger circuit using the MFSFET
and the U]JT.

Er o
L

(523)

$£38% SDIE £ 8 W 3

Fig. 2 + UJT ¢ MFSFET 427}l dZ2% PFM
(pulse frequency madulation) A|A~®] .84 adaptive
learning £A41-& e AEE w3kgl oscillation trigger
3 2olr} o] 3o, UJT 9 «lvle] Ak DC v}
ool Vee of o8] Fd=e AAAE]l 23] peak
AA] ZrvsiA "ot ojule] "to] peak A3 A
o, @& onle] HFIE vle]al AR Z2A H
o] o A A A= FHsH WAEhAA viE
A4k valley A3} olsl7ir] "olAa, AL k] v
g AF7} Helal wxl® F2A v o1 F oA A
AAE7 FET, Be ovlel AFFE E=2A4 "ok
olzigt AL AAAE]] Ao o3 Fr|HoR
=], olo] wehd ZHAgRe dA FuE
= g2 53-8 VehiA Slok =3 Fg. 2 oA B
1, MFSFET 2:2k9] A=-E=#iQl A3tel 2sir
Hgxo] W3yl dedrl DC mpolelx Vee 7}
MFSFET #Ale] ax-m#el #3tel ofs] Askdst
F, ARAE ] FAH R Ax-sdd el w
A AEle] FHLEel FHHP O Fulprl WA
ol webd, ARl Ae} MFSFET AAke] &-=
gl Azlel] wet Fig. 2 9] adaptive leaming 3] 2ol

A EHFaE 24 5 Qo

0%

e >

?Vg
Metal
i
A4
81| CelVel, Vel P(V)
3
Cor Vil

f—

Semiconductor

I3 3. MFDS A e 2
Fig. 3. MFDS capacitor structure.



| MFSFET &2HE ©]4-38t Adaptive Learning Circuit 9 A4 @M N

MESFET o] 2ol 7|ule] w5z 2l A 2hare) Qu € Ael& Was sy, o = p-d A2Ee
olHEA (P-V 5 & A D @ 2 Zdss A2 29 vy B A 239 Qo) x|y Alelel
field - dependent polarization 2" Mg ALg3lel & spgale o nololrolet o, 4] 3, @), ©), D) & 4

I ow /\]%E‘ﬂol'ﬂ & 4= glrk (5) ol i3l =ee) ARE 73 oo 7‘21:}_1”
V*V.) Vos
L renrev e[ ] 0 g = 2, PRV (Vo= 20—
V.
V() = _CPR (2) q)ms - Vax) VDS - % V%)S] - %\/ quogﬂ-NA[
1+ 55
In _g (VDS + 2<DF)3/2 _ (2([) F)S/Z]) (8)
Py
z3judle)l Ht Vi, & THAR o] ZET 4
7\, P, & A wel BAgh P B AR g
A e A, o & A 279 AR
1_. 1 o= VDsat= VG - VT (9)
3 v ARAAe] Wh Ask v = Y P
€ 7HrRlAle) AbgREel)h od71A, BEHAS v, & V=20, o o] Ae]=

MFESFET J_Z}'-" EA]S- Efﬁ%]é‘]-7] A0 Fig. 3 oll gbo /}_] 3) < %—9-5}031 E]-——-_\,]- 7]_01 23 & alch

VT = @,,,5 + 2@}: + Vm( V5= 2@;‘) + VF( V5= 2@5‘)

Ve = @t Vet Vs 3 (10)

Vs, Vi) = —Qs(Ve)— %/ Ve ()

i
&
Mo
o
oflt
ol
N 4R
TS

=]l AFE AJT Aol

A, Ve £ AelE Ak 0, & FET dHa A o =9 ARE A Q) o Vo A Vi

B A Aele) Al A ) F (@) 2
Vo ol W2 Vs % v, o 4uaAE 4 4
7 3l S G8sk] MESFET 24e 54 m. &m % =9
3] fjal FEHAY ol &, ik ke ]

Fig. 4 © A (8) & Z¥=+& MFSFET 4419 S4
=89 AF2 AT o] do] = AFE

A& AFs] S8, ol & d7-Alell ”—e‘%‘_L
g =

AR
3] 1 3 A g 3 ==k
9:]'——31]01. 75'1%}' V bsat 0]6]-0]]%] o‘oﬂu /ﬂo '?"1"’]’ {':“E‘Q’] :11]- = L—_gﬂo] ;<<]o‘}-o]] U:]-.__ 1:;{-]]0] A ‘_EI}\O
23t c#gl At oldelA el X3 oo ;.x% viehi 740]‘:}[12]

6= wa (9111
o2 gahd ol ghol, @w—% 152 Agal ehsich o
z Ve 714, ‘write' AlelE AL 10V 2 AAst 7haA
Io= =) Qv O3 23 o8 quasi-MFSFET o Ade] 3455

3513, 0V 9 ‘read AlolE Aol =l AFe

W3S fasiolch = ‘write' Alo]E HgFE -10V 2

Q.(»)=Qs— Qp 6 AAYS gl A AFAAE AR quasi-

Qp = —V2geieNaVs = —V 20606 NaQ® p + V(v)) MFSFET o4 25T =89 AHe] 580 Hasx

() Bk Fig 4 2 ¥ A @) & MFSFET 44twd

o] A=t quasi-MFSFET 22Ak9] B4} wil$- 2 o

oA7|Ad, z = A du], L & Ade) Aol 4, H¥che AMdE o 4 olth

L H2Y o) FE Ve & A9l ]l Alo|o] #H

A (5 9 FeieleE A RA o 2

(524)



20014 8A ETFIREHIEH

25 . . '

o pzT 1
20f| " PLZT(10) B

_ & PLT(10) g O O
Line : simulated e

% A

3

a

8 4. =39l wvloje]zd] W& quasi-MFSFET A&
2k sl AFI3A

Fig. 4. Drain current curves of quasi-MFSFET
device as a function of drain bias.

25 T T T T T

20} E

15¢ 1

1.0 b

051 4

Emitter Current [mA]

0.0

05 1 1 ) 1
0.0 0.5 1.0 15 2.0 25 3.0

Emitter Volitage [V}

g 5. <@l Hstel w2 UJT & elvle A&7
Fig. 5. The emitter current of the UJT as a
function of emitter voltage.

Fig. 1 (b) o Jehd UJT 5718|264, Base 2
%2 =10V, Re = 10MR, Vi = 065V, Rem = 1k&,
Ree = 500kQ o wf, AlE#eldS B3 7 <lvle
Hstol) w2 onle} HEZE Fig 5 o vebligiek Fig
1 () 9 UIT 2ke] So13l2ellA, ellmle] 2ste] 0
V 3 Zvlsle AS 27lelE 29)%] SWI o2 A
Qo] frxsA gomg one AF= 1A (Re) &
3 29 g 327 o Jdvlg] Agte] A%
Z7}18le valley 219t 14V 71 S o, 2$1x] SWd
7 Bkl R]ak A9 SWa, SWh, SWe 7} =5
otowma A9z SW1 og Age] F=53] eker)h
a2, olvle] Ago] peak A 225V 7} HeE o,
291x SWe 7 Ex=ls AalE 295 SWa, SWh,

$38H SDIE HE8H 5

SWI £ EAEeg o e/} A Ve BE A
A7) Aol & 295 SWa B B2 AFUE 54
st 324 =l 7 & onle] #Hkel peak L ol
Aollde 2AF (Rp) o 3 A2 vy AfF

e
AAAA
YVVY
AAAA
VYYVY

Scoped

Voltage
0

Out4

o
AAAA
VWYV

Scopebs

A1
AMA

YV¥y
Tl el
|
I = L
Voltage Measurement2 oC E -

AMA

] m
N Swa Ideal 1 g
Logical Switch3 -
Operator Bo
Ideal 2 m
Switch2
Swit R3
2.258v
Logical
Sw2
1.4v Operator1
T _IE}—".E Scope2
(a)
Output voltage of adaptive leaming circuit
161
=12t
b
o
©
=
[=;
>
w 081
=
o
5
(&)
04
0 n n :
0 0s 1 158 2
Time (s) x10°

T2 6. (a) Matlab Simulink & ARS8k
oscillator trigger 32
(b) Adaptive leaming 329 &H"~ (C:
1IpF, &2-=9Ql A3 1MRQ)

Fig. 6. (a) Oscillator trigger circuit used in the
Matlab Simulink.
(b) Output pulses of the adaptive learning
circuit (C:1pF, resistance of source-drain :
1IMR2).

AAZ



6 MFSFET A& ol 4
}5\‘_‘4 ubgdoll, oulel ke peak S o)A
L olE] Mk A A dele 1 5
vl vh= A viepdod olule] zgle] sl
peak Adelsrl =S o, 29x] SWe 2} SWa
Sabsb] oAyl Ee|AAbAl OR2 & o33 F2hE <]
SW1 22 Fgpe] f=sch ofvle] Hko] valley

o

gte] Hgle o, lZ4 294 SWA o SWh 7F B4
H2) eran webd 2903 SWI & Fabslr| ¢hernm,
248 (Rp) & Z3 A& ovle] AF{/L 324 =Heh

=
=

olg} 72 dAto] o= EelAel el dnlelet
Wlol~  7H] A (unction) oA dehe=

conductivity modulation .8 A%E < e} Fig 5
& H Ishiwara §%] Zdstx A Ee]dd UJIT &
Aol BAdst wl S Al 54 el ek o)
nde chee] adaptive learning 3 2o 4=}

10° T T

\
\

—&—C=1pF
—&—C=10pF
—A—C = 100pF

Output Pulse Frequency [MHz]

Source-drain Resistance {ohm]

(a)

~—A—R__=1Mohm
102k —®—A__ =100kohm 4
~—®—R_, =50kohm

Output Pulse Frequency [MHz]

Capacitance [pF]

(b)
(a) Adaptive learning 3] 2ol|4] sjsfAIRI~
(b) MFSFET 22449 -zl Al ot
E EHHx Tl 3
Relation of output pulse frequency (a) to the
value of capacitance and (b) to the value of
source—drain resistance of MFSFET in the
adaptive learning circuit.

a3 7.

Fig. 7.

% Adaptive Learning Circuit ¢ 44|

(526)

ZEH 5t

Fig. 6 (a) + Fig. 2 9 oscillation trigger 38 24
4 Matlab Simulink 3)2AA tool S AHgsle] AR
a3E e Aela, Fg. 6 (b) & Fig. 2 2] adaptive
learning 3| Zolld, MFSFET &A1) Aa-=8ql #{de]
M@, ANAHAE27Y 1pF, A3 Ry & R & 275
Kk o8 Aéxh;ﬂ- u;ﬂ_,] A 7)ol whE EHgH A EAMS
Uehdl Aol Fig. 6 (b) o4 BEo), FdFare
°f IMHz o]3 £¥¥29] 7] of 125V o]t} ¢
24, Fig. 1 (b) o UJT 713827} aFaspois
AFagod A A=A A=z Qlcke AMF
AR 2] Aol v}l dAFE FueE A
EHH2vt AT S o+ Ak "k, PEM
(pulse frequency madulation) A]xgle] &43 uf o]
9} zk2 EHg~r YUl BAsl Fg 7 I 2L
adaptive leaming /42 #alg 4 9lgich

Fig. 6 (b) ¢ £¥¥2 F37} MFSFET 4:444|
’***‘:Eﬂ"] Mg AR 2ol wet WSt T

EAE& Fig. 7 o vehligick Fig. 7 oA 2Rel, &
E—Féi FHE ATl A AR 2] 4t
HlElshe 544 Jellsich o)& oscillation trigger
3)29] Faro] HEE kS AT Axshe Aok

1 _ 1
7 —RCln(l_” (11
_ Ry
T = Rt Ra (12)
«7)4, f & adaptive leaming 3 22| SHHA Falr

olch. Fig. 2 & S7E3|2ellA, sl 2] glo] 24
£ DC npelojz Vee o 23t 3A3A7bo] Zojx|A =
o A A2} Falg= wldslA Foh = DC HE
oJo]x Vee ¢ al7}H4HS MFSFET AA}e
gl Mg} A zel oaf FelEog Lo-sg
ol Ago] F5EF ARz FHATR] XA
Hoj LAzl Ag EHH2Y FLrE o4
yhlEsiA o} o] AR ¥, ARAE-2HY
& Fo BAS @43 AR S wE 3
g Hzdgs A% 4 33, MFSFET 2
channel Aol wle} T3k -]l Hahs o|gs)
9 PFM Al2ds 788 ¢ 9585 o 5 sdgleh
Fig. 8 & adaptive leamning 3294 MFSFET A
Aol short pulse & 7I5tHA Fake HEEA S g
alsirr) Y4 (a) Bk B4, (b) o34 54,

T T

A=




20014 8F ETFIBAHmLE $ 3B % SDE % 8%

u T
10 e E
1=
L
K]
8 osp
=
k]
&
o 00F B
[ n=3
Noov g n=2
« 0 n=1
E 05} p
Q
F-4
10} p
L L ; 1 \ .
0 20 40 60 80 100
Input Pulse Number
(a)
T T T T
40
o =
e 20
L2
=
c O
=]
®
N
s 201 g
[
o
-40 .
) i " 1 s L
- -4 -2 0 2 4 6
Ferroelectric Voltage [V]
60
-
£ L i
8 a0
=Y
5 20 g
[
£
(SN e - J
3
£
3 201 4
2]
c
Q
L «or 4
7]
60 s L
0.5 0.0 05 1.0 15

Semiconductor Voltage [V]

(c)

33 8 (a) Y ol B8 253, (b) AHA
A Agjel ok PZT #e ZRAA o834
283 (o) kA FHel i A %1
A8}

(a) The polarization changes as a function
of input pulse numbers, (b) the ferroelectric
hysteresis of PZT films as a function of
ferroelectric  voltage and (c) the silicon
surface  charge as function  of
semiconductor voltage.

Fig. 8.

a

a2l (o) AeEe guAE 54 2de A7) et
W Aotk Fig. 8( + the Mo ¥E fix=sid

(527)

7
I;}_'[5]
=PJ1 - 2exp{—(#t)"] (13)
7|4, Ps = AR 1 - dimensionality factor, £
293 Agtelrt
Fig. 8 (a) © dimensionality factor & 1 <j4 3 &

2 sAA 7pEA Bt AxE goRdh Zl]ld),
Hro) 714e 2493 A7k 5/100 vt 2A £
t}hoo] A% no) 1 A, Fx 57} 100 7] E=Suk
Aol #AF 1, n o] 47 2 &} 3 o] HHA Hx F
45 9} 35 AxelA] o ol Bukzle] douix] odst
t} o]ZXE| dimensionality factor 7} Fi WE &
Aol sl & 43S vAS & 5 Aok A
nbate] dimensionality factor = grain 59 =79} 2
Azl wpskel] e Wb a4 ek E
Tokumitsu ¢ PZT ol&4gt AlglellA,
grain £9¢] =717} AR 7% domain £ 2 2 A
< w}s|8l= 2 dimensionality factor 7} 19 AR 3k
S Ztevin v osiglch =3y AAs weEkE (00D
2 gkl uetbeel random HAl wiERd “‘“ﬂ“’ﬂﬁ
dimensionality factor 7} ©] Zoldicke AME ¥

&gl ont oo digh f19lE & o] druolol & A
2 AZt=Elc) debA], adaptive leaming 3 2ol -85
£ 7HRAA 1k grain £ =17 #a, (00D &
uigks]x] ¢k mbikg AlEsl= slo] f=sleleta A

-l
s

L

ZHeic)

E 1. MFSFET Al &do]Ade] A9 g

E]

Table 1. Parameters for MFSFET simulation.
Flement| R IR Ve (V)

emen )

(uClemd) | (uClemdy | ¢

Value 30 24 2000 1.0
Element| es ZL |Na{em®)| o (em™(V - 5))
Value 118 5 10 1500

Fig. 8 (b) & A°)E) short pulse & <1713 o}
2 MFSFET &4 &-Tdql Aske F3b7] sl

Qrhae] T ZRAA #3E ek Aeleh MFS
ASARA edel WA, AT F4 s

= ot ohe}, Ae]EE 2o E Fig. 8 (b) & 2L



5 MFSFET A#}5& o]£3 Adaptive Learning Circuit ¢ A

olH e viehhn] ¥-Fo] wisislA k™ o)w)
A wlure] o]HEA (P-V BAD & A (1) #H(©Q)
of vJehdl field-dependent polarization »2-% ARS-at
o FaeR AlEHelAd 3 4 glow, o] mule] 7
F& 2 Aol gk =R e qigEe] gk,

o.

o

Y
ps

T T T T T
0371 o R . P
* -+ —4
v v v —y
2
= 02 ~—4— Pulse Number=100 4
s e o | 7 PuiseNumber=80
2 ) —A— Puise Number=60
3 —®-— Pulse Number=40
(&) —®— Pylse Number=20
£
S oif
a
— —- —e —
0.0 L n "
' 4 6 8 10
Drain Bias {V]
(a)
T T v
03 i
4
= —e—
£
o
< N
= o2
g —&— Number = 45
> —®— Number = 40
o —&— Number = 30
£ ~~¥— Number = 20
S o1 p
o
v 4
0.0 & L L L Il
0 2 4 6 8 10
Drain Bias [V]
T Bl T T T
03 4
- - - 3
— * 4
5
<
= 02} g
qc; —%— Pulse Number = 35
= —®— Pulse Number = 30
= —A— Pylse Number = 20
O
£
S o[ J
[a]
A a ]
0.0 L 1 1 N
0 2 4 6 8 10
Drain Bias [V]
()
289 @ n=10 n=222L (@ »=23-

A AllE gz qiEFA vt
MFSFET Z:x}9] ##A1# Q] learning £33}

Fig. 9. Gradual leaming effect in the MFSFET by
applying a number of input pulses to the
gate terminal at (a) » = 1, (b) » = 2 and
() n=3

EE

(528)

ZFEH

Fig. 8 (c) += Table 1 9| F}u]e}E 243 o7FA
gl mhe wmale] ERAsE el A0, Fig 8
(b) 9] el=ZA 2 e T FUG AT
FR4sP} B9 ool Fig 8 (@ o ¥t
2 Fig. 8 (0 9 (o) o =gaju, Gael o) o2

AR St AR wmdse 7 4 slek ol

FoZAE AllE A & 5 3, olF A ©® e
tiglshd " o] ohE MPSFET 47be] =#9l A
F2 T3 Foll, o] g =al A el &
-zl s 7 5 9l

Fig. 9 (a), (b), (¢) &= dimensionality factor 7} 77
1,2 3% o short pulse Q7}e] @& =g A7
EA1S vehd Al table 1 o YEhd A o
uto] sleju|e|24E] 3 Aol A 52
Z7lol "~ k& A 72 A4S short pulse ol
wzh E5o] A3 "+ ghE A sisdel o] A
§, 27l Al drift dAde] o’ = ARvt
A=A} 37l short pulse o wlel E5o] "+ ke
vehd o ¥]24 drift Aol oJg =49l AR &
24 e} vebd, MESFET 42k 4vs-x#gl A3t
o] Wsts ojofsbA| el adaptive leamning 32
9] 29 FulE AR o2 Mz 4 glelch Fig. 9
oA H g7t F7ih| wel Est=del ARe] F
71eko] 74319, Fig. 8 (@) o 34K A9 5
A3}A dimensionality factor 7} 1, 2, 3 4 w ztz} 9
2 100, 45, 35 oA = AFY Fvt o o4
Jojubx] gkt E3|, dimensionality factor 7} 3 &

= "2 971 0 oA 3B Aot Este=g]l
AFe] £ vehta], "2 o) whE MFSFET &
2] s-zEQl AFzAe] folA] WSS U 4
et o] ZHE|, dimensionality factor 7} 1 o 24
3l 7-9-2] MFSFET 4AAP7} adaptive learning 3] 5o
Aggsicl= AME & 5 sith

Fig. 10 (a) & F& ol & Es=d AR=4
°24 Fig. 8 (@) ¢} 15 fARE FelE 2 Qli=d,
ol 7H-fA A B30l MFSFET &4k =3l Afs
Aol A 247 A4ghch= ARE &R} 2
Ad), Fig. 8 (a) 9 #0k EAFA B} Fig 10
(@) o F3f=dQl AF SAFANA & 5 20 o1
o] o} dimensionality factor o] W& o)z} ZA e}
ved], ol da 471 20 oA o, EFubde) ol
oxA Bo] "+ k& 7PA7] dEelck A A}




20014 8A ETIBEH

T ——— T
f 03} 4
<
§
£ 02f 4
3
o
o
&
O oat n=3 1
8 =2
.é n=1
2
3 oot .
L . L " ; "
0 20 40 60 80 100
Input Pulse Number
(@)
107 -_— T T
n=3
- N T n=2
£ n=1
S
3 10°f E
<
S
R
2 b N e
]
i3
105 1 1 L 4
0 20 40 60 80 100
Input Pulse Number
(b)
38 10. g4HE2 ol BE (a) 3} =9 A7t

() 22— A

Fig. 10. (@) The saturation drain current and (b)
the source-drain resistance as a function
of input pulse numbers

nr B2el A9 MFSFET Axlelxde Ade] dAds
T glexnz =#gl AFr) AAREAAY 5 wsll
wIzketAl 2HgRte) db, B ot 20 olstllAe 2
3} mHgl AF EAFAe] F=ubd S5AFARC
dimensionality factor ©f whe w3}gko] xR =)
o4 4 gje} o) adaptive leaming 32| =£3)7)
aliEe Eukde] dojuA "+ BS53ke viehd o]
Fo| ¥557F 540l FRditke e BoETh =
Hx 71 0 oA 18 Alolellde Ak drift FAkol
o3t Edodal AHAReE  AAER Wiy
dimensionality factor 7} 1 & w2} 2 2} 3 4 wo] ¥
steQl AF S7HEEe] Alelrh AlstAl Jebsdch Fig.
10 (@ & FAozHE 999 =gl Aol W 4
28]l s 78 4 glevl o] Fig 10 () ol
veEgglch =l A 10V, A2zl @zlke]
gL 107’ o2 ARk P& foll w4

[eJ«]
L =IE=1

.

v

g

>

Er g
Bl

(629

£38% SDIE H8H

~-=de &g Fig. 2 9 adaptive leamning 22l
gzl MFSFET 42be] Ao|Ee) 718l 2 o

& FHgne)l FaE ok 4 ok

Fig. 11 (a) & 7Alo|Eol] Hazgbo] opd
s ke AN E we Y s
& RolFE Flola, Fig 11 (b) + A-=3
% Fig. 2 9| adaptive learning 3] 2ol 443 d» 4
off mE ¥l Wehs el Zleloh Fig. 11 (a)
£ Fig. 11 (b) 9 #ARE 238~ Fa-5 ehliy
3=t whakel] whe} ghHste] J3kg ojw
3= oF 2V AR o]Fo] eyttt 123, Fg. 11
(@) oA 7t AR Ao Al EHF= Fg 9
(b) 9] 2zt A ARIAde] Ao FHFaeet A o
BLsiad

Fig. 11 (b) = dimensionality factor €} adaptive

H_-oLlo
sy L

10 . ‘ '
)
Z C=1pF
5 C = 10pF
H 10°F = 10p!
3
g
« C = 100pF
@
2
& 10 ]
5
Q
5
é
10° . .
6 8
10' T . . . :
§ C=1pF
s | T
L CoipF ]
0
3
o
: C = 100pF
w |\ My e T
3
3 10k ]
E n=3
g‘ """ n=2
3 n=1
o l
10° L : . \ )
0 20 40 60 80 100
Input Pulse Number
(b)
g 1. (@ A5HQ AelE A} (b) short pulse
o & ¥y o Fule HEEA
Fig. 11. The frequency modulation of output pulses

as a function of (a) continucus gate bias
and (b) input short pulses.



10 MFSFET 42H&
slzola] AshARIze] o] WE FTo}
F=0] WS JJepd Hoeg Es| Al we)
Z#Zule] We7 W3k} o] PFM AlAElo®
adaptive leaming 3 2% H43 o o FH-d| e}

Adke A Elske Ao

Fobs djele 24

lcarning

A
T

0] 8-3F Adaptive Learning Circuit ¢ 44|

2, 3 A7ellx] 283 adaptive learning # 27} B

o) Fupr 2ASHE 7P ke RS Ry
Zele.
V. ¥ E

2 odfollalis MFSFET AAbe] mdle)g njglo
adaptive learning 3|22 AAstw, 1 Fx&q Ax
2 RA3lede) Adaptive-leaming 3| 2E AAlIE] o
3] MFSFET ZAk¢} UJT (Uni-Junction Transistor)
2AFE AMEl oscillation trigger 3 EE 7,
MFSFET Axe] Ale]Ee| short pulse 713kl u}
2 vehle -zl Adke] wWEkE oscillation
slge] EFHFuSs wze] A3k

22kl EAE field-dependent polarization

haR=IR-N o].Q_sf].o:] d-& MFSFET
A s 0 F. Scott 59|
b FAE Al

=

=2

trigger
MFSFET
3} Square-law FET
27te] =dQ) A
M (13) _] /\_r]
Ak

delele} wlolA zke] A3J} (unction) oA Lol
conductivity modulation #Are2¥e] UJT S7HEa
o] olmle] zglel|l W dmlE] HF SAAS B
MFSFET &Ape] Ae-xdl]l #sle] IMQ, A
27} 1pF o w9} At w2 g A4S A
slodek 1 o] EE S o IMHz olx, 39

o] =7l oF 125V ok ol2HE, UJT F7i3
2t aFapeiE AFapedr AR HAEHA F
2E| S qlrkes AR AR Akl met o
A FIE 7Y EEgoo) AdED JLS o
T ek &, o] 324 FH T MFSFET
Akl -]l Mg AR 2ol W H S
e veblied, o= AR ~-EHE s s &
35 Fslod AR 53 wE Fug Wz

& 4 9)3, MFSFET Z:AF] channel 343l
22— dl]l A o]4s PFM AlAglE +
USE vl Aoloh ohgls,

=
A

)= M &
i)

m _ﬂm b

by

WL

< AMA
whe
2 4

adaptive

(530

FEH 5
learning 3} 20141 MFSFET 4Atell short pulse 5 <
7FbHA vehbe ol WERSAYE E—}Ola}]}éj] °
3 2wk B zAlEldEd, A #

Holl4 dimensionality factor & 1 | 7}77}g~.~i —rJ}
T WS4 vl 29 o]Fed & glehe A

Hapadat AelEe w93 5
& uElow WA 2o & MFSEET 44k =3
QAR Ax-mdQl A 7 5 dsdeh Ha
o & 3= HAFTAL AAAS B
EAT fAsiehs ARLE o 4 olslEd], ol A
A A BZo] MFSFET Akl =dql MFzAdd a4
Al g4 2= AMlS oulshe Zloltth =
MFSFET 4] A5ho 2 5E
dimensionality factor ¢} adaptive learning 3| 22| 2
2 ol mhE EHFAS HEE Bt ARl
o uwlel EHFuge] Wyl wIkiches AME &
% 9lglrk ol PFM X A®lS adaptive learning 22
of A4 o, 2 A w} Fug dds 2UY
4 Qloke AE gulsle AloE, # Ao &8%
adaptive learning 3|27} 39| Fob5 2H5HE 7}
2z Qrhs ARE vl Aok
o)2 2] adaptive learning 3} =2 FaFHz

A & slFgxe] Aol wet FHdxe] HAA
Zul4= W3l 2 o)u|sl= adaptive learning A4S =g

o 5 sl el

=

153

1

B

-]l

o Jlm

A BaE 4 YT, M) T v=fzed B
sl2sh sl Ala el EHdoz Agd &
olee dzasrh

3k

[1] B. D. Cabrera, “Issues in the Application of
Neural Networks for Tracking Based
Inverse Control”, IEEE Transactions
Automatic Control, vol, 44, no. 11, pp. 2007~
2027 (1999).

M R. Napolitano, J. L. Casanova, D. A
Windon, B. Seanor and D. Martinelli, “Neural
and Fuzzy Reconstructors for the Virtual Flight
Data Recorder”, IEEE Transactions on
Aerospace and Electronic Systems, vol. 35, no.

1, pp. 61~71 (1999).

on

on

[2]



20014 8H EFIBEH

[3] T. Asai, M. Ohtani and H. Yonezu, “Analog
MOS Circuits for Motion Detection Based on

J. Appl. Phys.,
vol. 38, no. 4B, pp. 2256~2261 (1999).

[4] H Ishiwara, Y. Aoyama, S. Okada, C.
Shimamura and E. Tokumitsu, “Ferroelectric

with  Adaptive-Leamning
Function”, Computer Elect. Eng., vol. 23, no. 6,
pp. 431~438 (1997).

[5] J. F. Scott, L. Kammerdiner, M. Parris, S.
Traynor, V. Oftenbacher, A. Shawabkeh and
W. F. Oliver, “Switching Kinetics of Lead
Zirconate  Titanate  Submicron  Thin-Film
Memories”, J. Appl Phys., vol. 64, no. 2, pp.
787~792 (1988).

[6]1 S. M. Sze, Physics of Semiconductor Devices,
second edition, John Wiley & Sons, New York,
Chapter 4, 1981.

[7] F. K Chai, ]. R. Brews, R. D. Schrimpf and D.
P. Birnie III, “Relating Local Electric Field in a
Ferroelectric Capacitor to Externally
Measureable Voltages®, Proceedings of the 9th
Int. Symp. on Applications o Ferroelectrics,
pp. 83~86, 1994,

[8] J. A Gonzalo, FEffective Field Approach to
Prase Transitions and Some Applications to
Ferroelectrics, World Scientific Lecture Notes

Correlation Neural Networks”,

Neuron  Circuit

F X RUEER) £ 374 SDiRE 4§ 6% 2R

19523 9 79048 19759 29, Agdistw F4-33ta)
=9 BS). 1977 24, s=pehd At 29
(MS). 19884 124, USC. Ax-gt 24 (PhD).
19873 3¥~1983+d 5%, Oklahoma State University
w4 19884 129~1989 64, UCLA Device
Research Lab. <471, 19804 8«4 ~1992d 2%, AHA
Azt 7)gukE Aol ta P 19929 39 ~199%
J 39, it AxAEEeld $Rd 19969 4
4~ st A EFet fu FHAE
of : ULSI DRAMS 918 AEA 7P, 7434 ubet
Pyroelectric A1+, SAW Device

S |

#£38% SDIF #£8% 11

in Physics, vol. 25, World Scientific, New
Jersev, 1991.

[9] D. K Schroder, Advanced MOS Devices.
Addison-Wesley Publishing Company, Inc.,
USA, Chapter 1, 1987.

[10] E. S. Yang, Microelectronic Devices, McGraw-
Hill, Inc., USA, Chapter 9, 1988.

[11] eol=3, 7AHE, 94, “v=zads
Aulake] Switching 3 MFSFET 4218 5437,
AAFEErsl A, Al 37 A, SD ¥, Al 6 & pp.
440~450 (2000

[12] ol=s, FAFE, &34, ““HrdA uiete] SAdd
u}2 Quasi-MFISFET 24| B4, HAl3-8)3]
=%A], A 389 SD #H, A 3 & pp. 166~173
(2001)

[13] E. Tokumitsu, R. Nakamuwra, K. Itani and H
Ishiwara, “Film Quality Dependence of
Adaptive-Learmning Processes in Neurodevices
Using Ferroelectric PbZriTiy Qs (PZT)”, Jpn J.
Appl Phys., vol. 34, no. 2B, pp. 1061~1065
(199%).

[14] T. Kijima and H. Matsunaga, “Preparation of
BuTiOr Thin Films by MOCVD Method and
Electrical Properties of Metal/Ferroelectric/
Insulator/Semiconductor ~ Structure”,  Jon.  J.
Appl Phys., vol. 38, no. 4B, pp. 2281~2284
(1999).

83 Th

=% %#(E8R)

19651 749 1044 19894 24, <
st Sg-EEa ¢ (BS).
19944 89, qlslEtn Az &
a2 24 (MS). 1994 24, 18t
Wt dapEget &4 (Ph
D). 1999 39 ~2000d 1€ <l
st A g3 A7 (Post Doc.) 20006 29~
A, TR e -%%%ﬂﬂﬂ 7L
FAEoF ¢ DRAM % NVFRAM $-4-2 I3 7
A 9 Pyroelectric 414



12 MFSFET A:#}% o] 48k Adaptive Learning Circuit & A7 ZEi 7

ik R EHNEFR)

19714 39 1344l 19959 24,
gt AdxplEgse 24
(BS.). 1997 8, alspeistw A
A gt 29 (MS). 1997 9
A~ dspfshn AxpAE3-st
sh bbby, FEH4lEo} ¢ DRAM
4 NVFRAM 585 9Igt 74 o2t 9 7154

(532)

F B Y(EaR)
19759 1149 2094, 1999 24,
daidiEtn AR EFEt 4
(BS.). 20014 29, <lslhsts

3}
2

ANEFIE FYMS). T4 E
oF A Mete olsd

|



