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Study on resistive random access memory using tantalum oxide

and sensor application
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p=1

H1E F

L1 AHFEOHE 5

A= T RF T by MEOIFBRE G R SRR - & LEE DR
WIZE KL, EANANRy FU—7 ZFH LTERERERRGE S AT Dl EDT 7
Uor—2a UBHEILTETWD, SR OANSNOEANT — & 0eikT —
ADXIBEET — X3y NUV—7 EERBTAHAMLERHY, BEEZL -
BEFHICE DM, AEARRVTE LD T — X 2 R#ET 572010, K58l
FIGHALIEZEOWEX 2 U7 o MERINTND, BX a7 RBEZHEET L
DT, ZNHDF Y b T —ZIZBWTIERF &R 2 #5# L72LST (Large Scale
Integration) 23FIH STV 5,

SHTGREN RIAEN D IR DOIEFEARIC (Integrated Circuit) 1 — K%
GWikkale T/ AERFy U —27 TENSIoT (Internet of Things)
KRBT 27 7V r—ya w2 1LICRT 2], 20X 9 RloTHAEIZEW
Ty PO F 2 7 ISk LTV 72001013, B0 35 BB ORI E D,
R 57 — & OFLIE « md LB AN ER S 4L, mEEE, (RHEET), KA &
HFERBTELREBEATY DI L D, £ OMLERRrE 2T 723758 LUV AR
FEAEY OFEME L CTHEHTE(HE T %2 H O IZReRAMERII AT X £ U |
Resistive Random Access Memory) 23T 415,

ReRAMITAR 2 7 T LA B 2 I THAE, WFFERERE T DT ERH JE D3 1E FE 12T
b Tnb, Ak LCTidTa0x, Tiox[5], HFOx[6], Wox[7], A10x[8]
METONLD, FFZEmW AT U MHREEZ AT A e e LT, 2L
{E#Ta0x [3] [4] A3 EH S TW5b, TaOx% WA — & 7V T~ A 2
TR A £ ) RSB A ' VIZEMES TS [1] (2], ¥ 2 vt
Wi B 70 2 351 OBRBUZLRRET, B2 (DIRT X D12, 140 p AL FEF I/ S0
B CTAA vy F 7 L, OB LEEITIVEE L {REEBIENSE LT
Do Flo, A v F o7 (HEHR) BIEICHLERRFR G | K2 @) ITRT X 91T,
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1.2 A0 BRI L B

VL EDOWE Rz BT, ABFE CIIERIA (LI A€ Y (ReRAM) IZEH L, #
X VALY TaOx Z HRHTAEAEEE L CHV - ReRAM D JFRERFRGE & . KA &AL
(22723 DML BL R BN DWF ST & 12 S22 U 726/l CMOS TR %L ReRAM D15
FEAMEEEZITS 2 ERNE—DHNTH D,

BT I ~27= X 512, ReRAM I3/ L 2 D # X AL BT & BTV 3 O v
(CEINY 2% Z & CRikPuikig & RIRPURIBICZ(b T 228, ZOBEA =X
MZBAL TR A RBEZNR SN T 5 [9]-[14], ABFETAE Y EfFEICHES
SEMEA D =R L H B TELET D,

F 72 ReRAM [E 3 > 7V 70 M & CHEER CMOS 7' a2 2 & OFAIPE S 528
CMOS 7"/ & R ZIRH T 2 72 D D IRFUZEAIRE D JEECHRGUEIZ R LT Ak o
BIEA ) = R b FA TRl R IR 2 T o N b D, T, RS
12 2 OWHMEOEITIZ VY, ReRAM Z A& T 2 IRETZ L HE T LRI L3 kD
biILD, FFEWHLT 27203 HEFOBRMERZT TIERL . FfFoxzy
T T RMEE O TENTRG S LB e D, RBFFE TSR, T4
W5 COBEREMFIEORF 2R AT, £ L THE b BRI TRIE
L7 AEY 7 LA D RAE ) BWEEEMERGZ ERE L7z, BARRICIEZRE i ~D
BB 2 A AT O R b EERHEA THHT —H R (VT7rvay) t&
e (2T 270 R) Thd,

WITH —OHME LT, ReRAMATERDAEY TR LVHIEE L
T. ReRAM OBWMEFH OISR LIz KET A2 RF L, EOMRERR
SRR AT O, BARAICIIKE T Ao L LTOMETH S, KFEIT
ILABREHZ DD 7 V=V = XX —Th D, RETATLH DT
D, ZDOFEMUITITEBE KB L RN TE DB YRUEIIR D,

AMFFETIL ReRAM OEMEFEL N S KFERMNARETH L L2 RHL, £
DIRFEECINE TR, AT A & OFBIRMESED H A 23 O FEARRE S FE A~
DRT ¥ v VORat & iz,



1. 3 AL OERL

AGH L OMERUTILL IR T B0 TH D,

H1ETIE, AWEOE R &R DI AE Y (ReRAM) DR & ToT
T P~ DI O EFR AT, AWFFER E LT, FZEmW AT U MR
BRI HIPUEAMENCH D & v 2 VEREY) TaOx % FIV 7= ReRAM 2 B Y E
F. EOEREE LM KORHIMEAEY EONTF~v—7 b, £
LT, &2Vl v 7Tz ReRAM Z M CMOS 7' 1 & A ~NR#HT 2720 D
BEIEACTE D B0 FE 1 O L O ERETORF &5 b= Ftcoik
TEIZ X B EFEMERGED MBI DN TR, S 512 ReRAM O EYEJFELZTE
MUt~ RS LT, KEF AL OBSEHEB L Z DREH
FRIZOWTEHA LT,

2 TR, X U AR & AT ReRAM O FEAH) 7213812 D CRIEA
L. BHZEIEO TR TAE VIMEICTHE ST 57 4 7 AL M ORBEHRA A
DEYE MR RMDIAAELZHA L, BERMET Lick vy © 0 7R8I L D
CEBEIC OV TR D, S HITHR Y B 7 RE#EDET VISV
HENEMEDO X v T 7 2 VB —va v EfizHA L, 74T AV Nl a7
4T A ME, BRRMOFHEREEE LTI T v a VEMEL ST
LT, ZNENDNRT A—=ZDHETXEHAMEICONTELET 5,

%5 3 FTIEL, ReRAM OGHILIZ B ZR BB EAN OB FENEIZ DN TR AR D,
E9. BEMEICR T 2MEA T L. BB E L THE oMMk E HAY
& LI IMTEA o233 5, WiZ, B 0B & L THE R LEE
DESLBFIZ L D AT VDT 7 %P5 < FE T OREREET O 58 2 30
T 5, H_ORGHE LT, FEllmZz & s ki X 2 B2 bk O KOA 7
DI=DITT PN AT, BEMET 4 7 X M aFRF OIS
END LD ITHIET 2 EAMT O E AT 5, HBUOIR VAL LT, Rk
52 22 2 WAL O A BT OBFFEIZ DWW TR %
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FATETIE, £7. 40 nmCMO SIEHIR e RAM®DT /31 21k &3k
EF » 7 OEIZ OV CHHAT 5, ZOFEIZ4 0 nm CMO SIZE#ET 51
HizoT, X—=AD MOS DL XFE U T ¢ ZHEE L DD, ReRAM ZJR# T
5 RN OBFFE S TR %, RICH 3 B CTHll L 72k o 72 o
BEEWEZEA LRIEF vy 70 Ty a UV RN VT 2T v ADFEFEE
REDIT 5, BERITAEERPRKESEBL7Z4 0nmCMO SIE#HR e
R AMPpsidh & S %EFHTE 5 AlREED & 5 Gl OV Tk~ %,

F5ETIE, Re RAMESNZISA LI /AKFEN A U HH 7 OHENEFIC
ONTH~D, £, R e RAMODE{VE TG Z21EH LB EFEIZ OV
THAL, WICAEY MR e RAMT A A2 N— R LTcH AW
T3 A AEEDORFHZ DWW TR RS, WRIZH AT 31 AfEETO
RIETF v 7 & AW e o B ORI, 3 KX OVSEHE, JE O,
fil 7 R BIRMEOFAMEIZ OV THER LR TR~ 5, 512, FHlASERIC
KES3E, BEA D= RLZOWTER LM RERARD, KAZICARZ CH
e LToKFA AT Y DR & RO KT ITIT 28 LWEREIZ O
Tt 7 %,

HEETIT, AL DE LD EABOBBEICONTHRRDS, HiZ, 5%D
ReRAM D FE 72 2 Hiflf DA & LT, AL 1T ReRAM O J5 [ & Z DFRBEHIZ D
THHIT 2,
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28 F AN e O TR A (E R A = Y
(Re RAM) OEER B =X L

2.1 FANZ

KBTI, Z U 2NV TR - 2o R e RAMOEIEA T =
ALZEHH L, 74 T7A XY T 72V EB—2a AL EEMET T A
Y ROETNEIEH LT, REGRT — 2 RFHRE A FB T L -0 o8& T
4 T AL FOBKIEEHT OW TS L= R a2k~ 5

FREOMIFEARZHHAT LRI, ZOHITIER e RAMORIHE AV H 1L
D PRHUEAVER BH T EATA B BT~ 2 AORHZ B9~ 2 S e OV Al R & 3
T2,

F7. K3IZR e RAMABOREFEAERIEATY OFE MLV RERT
5l RFSNDT —H BOWEKRIZMHEN, NANDTZ7 T v a AEY DRE=
feBED 5T D, —J5. Re RAMOBIRIZF e RAM (BfghEKR A€
U). MRAM (5 AEY)., PRAM (FHEMEAEY) (ITHA%IH
TlEHL08, TnoZ EREIDZHBEDOREEAET Y T LA TOEERETES L
TW5, M4 ICEFARERME AT Y OBREER & MEREDOR L F~—7 %
AT, BIETHLHBARZEEBY, Re RAMIZ%I2NOR Flash
(AT EEBIENFTHE T, 7> OMR AMIZIEET 2 IREREE 2 AT 5,

KIZR e RAMORSHIZ OWTHT 5, K5ICED—Ea L, £
T, Re RAMIZE CM (Electrochemical Metallization) # 4 7™ C BR
AM (Conductive Bridge RAM) &V CM (Valency Change Mechanisim) Z A
7O 2 FIEICRBITE, BB L UIEICREEX A T L7 4T A B
ZATD2OIHICHIATE D, £, VA4 T AV MA T T2 =R—F8
ENAR=FHN Gy hi D [2] [31 (4], ENb SV ABIEEZHIINT 52 & T,
FILEIPUIREE (High resistances state: HRS) & {EKIRHTIREE (Low
resistance state: LRS) & D Z A WHJICEE T 5, RIZCBRAMT®H 5%
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2, KR T L DICERICTEY Cu A A OBEME~OIHZISH Lz A E
U ThH516], ELREIEHOR e RAMIZK 7R T & 9 ICEmE P
CMO (Proy +Cay Mn0y) D S OFeb)E & HilfH L THIRIE(NE Z 2P C
MO D3I M PRI LR D 7= O HEPE \ ZRRRE Y 8 5 (7],

M 8IZ7 4T A MR e RAM®D L =R—F 8L A R—FEEDE

ZoRd[8]1[9], =R —F R TX, LRS 75 HRS ~ & ER S % mihibE)
fFE (Reset BEIfF). HRS 75 LRS |ZiER & 2K ELEME (Set EE) 23[H
UMD ELEZ AW TiThbid, 22 TR LULEBNIEIT D Reset BIETIE
MR R U CIEMRMEOEEZ T 5 2 & TEFIEIFEFIZLRS 5
HRS (2B T %, HRS I2H 2P FE 713 L, [F CIEDOM: T Reset
BELD bIEHMEOREV Set BELXAIMT D &, FEFIXLRS ~LEBT

o —JFIRA R —FHID ReRAM TIE, Set BIEL Reset EHEICIZENE I
MORLLELENG 260D, 22 Tm LEEFITIE, Bt E~E2 T
%2 & THEPUELFE T HRS 205 LRS ~ L8R L, W B O 5 & FIN
$ 2% & LRS 76 HRS 2B T 5, o, BPUEZH AT I55121T Set,
Reset £V b/NSWEEZFIINL, FFICRNLEMELZHBRET S, ==K
— 7P ReRAM & 1T HE72 D | Set EMEICKRE RBENSMLERNT LITREZ
FETHD, ELEERE S RTINS RN—=F RO EN[16], ZD
T2/ A R—F D ReRAM 1%, TEEE S & EEEEOBLE NS 2 =R —F W
(XL TAHRITH D EFoN TS, AT TR D &7 o 2 Bibi) 2 v
7“ReRAMIZT 4 7 A v MO NSA R—FEETIRIZELT D,
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T HR e RAMOMEHIBE T 2 8EN R Lo TR THY | Kiiws L
TR e R AMOIEFZALERBHE Z 0 3 FEOMEHIE b & EZTH &
VY,

RIZR e RAMIZHW A EMIZOWTHIT 5, ERT v 23 LHBEMR
(CHE B BB, HRHUZS (LIS TaOx, FEREMUC W 2R L= o — b
N—TDF v AT, 1bit OFEGHIRT A "X F — 2 ZHWTIEAD/ LA
BIELZRZAICH A0 Z L1280 ERELEMELMEGE LI R dHE ST
W5 [10] 111 [13], HUMEBEIZAWL®EIC K > TRV | £1~5V DFTH
BIZEDETHEEITo-, 9. I\ EEIC RN 5 EME LT, B
BB LI WEBMEHZE B SN TW5, K9 () 135 8RO S & A 3
BAEN OABEERZ R, RIS HERR, EEBmEN & b EVER
IXEMEL LSS Z DIz W, Pty Ir, Au BNEBOMEAE L THETHND,

4 9(b) IZ P t BEMOEHEACENEL MRS LIofE R AR T, ML LA
BEEZG A THRE LA b Z2~9 (101 (111 [13], —J7, WM IHEHIZE
T 2HDDMVIRL NNV AEEE G225 LB LR eD 2 B35,

Z OB EDERIT, MiEABLL LIS WEETHY . BENPBLL
RTWEBRTHLTOTHDH LB TE S,

ABFFEBHFE TIE Ir & A U OEMAEHT . Pt 2K AT % OBk
SRR L, R2ICHERBICBI DY I REBUEREKE E L OEER
T, PITBERRE N E < (8.8X10° (C))., ¥ /Ry Ey (152X 10°
(N/m?), ZioOWEREND Pt i, B0, IR b LRz X0 ¥k
ERNHAELEL, ery 2 BnELHN, BMRICEr vy 7 B34 LD & EMOE
MEE~D~ A 7 L—a UREL, BB ERFECE IR A L TR
TV DI RN BT %, Z D728, BB EOBRFED Y =
N, T2 NEEDEDRRELRDEBZ DN, BTE2T LARIZIERT
AT 2 AEY TIEZEDIEH DX DEENBMANT IR D FREMED & 5 728 Pt
DI RE ST, —JFTIr X Pt &l U CRWIRIRE3 6. 4x10° (C
DL EL, FlEY U RN 295107 (N m?) L@V, ZDLIICEEY
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Work Function (eV)

T LR RN TTTTrrrTTT LIRS u a 10 E.J I I I I IE
6.0 T T T L "] - F Pt Electrode ]
' GO I g
5.5] | e 4§
: Ni 7 «" Au R
5.0f / Switchafle % 10—
o ] C: E E
[ W .C . S o i W Electrode 3
45 Al Ta i* Ag.- . Q [ ]
Ti¢ e i » ] 8 107 3
e i - @ =M-—..:
4.0bosio i o 8 [ ]
-2 -1 0 1 2 Y 10 ul 1 1 1 1 ]
Electrode Potential (V) 0 20 40 60 80 100
Pulse Number
(a) (b)
9 ReRAM FAEME®M:EIR  (Ref. Z. Wei et al., IEDM2011)
Figure.9 Electrode selection of ReRAM
£2 NWUURLEBRRFRE
Table 2 Young’' s modulus and coefficient of thermal expansion
EHER Yo 7% (X10°N/m?2) BgaRiRt ('C)
Au 78.0 14.2x10°6
Pt 152 8.8x1076
Ag 82.9 18.9%x10°6
Pd 110 11.8x1076
Rh 460 9.6x1076
Ru 414 6.75x 1076
Cu 130 16.5%x1076
Ir 529 6.4x1076
Os 550 4.7x1076
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Figure.10 Observation of conductive filament
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Figure.11 Temperature dependence of resistance in conductive filament
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Figure.12 Mechanism for resistance switching of ReRAM
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Figure.13 Conductive filament model
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Figure.14 Filament characteristics for good data retention.
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Figure 16 Structure and Cross section of ReRAM test process
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Figure 17 Relationship between conductive filament and cell side part
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Fig. 25 Cross-sectional TEM image of ReRAM cell and Conductive filament observation

by EBAC method.
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Fig. 26 Cell formation flow applied novel technologies
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Fig.28 The structure of resistive selective element composed by Tantalum oxide
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Fig.29 The structure of resistive selective element composed by Tantalum oxide
(a) with low density Ta205 (condition A)
(b) with high density Ta205 (condition B)
(c) with double Ta205 of condition A on the upper side

and condition B on the lower side
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Fig.30 Density results measured by XRR method
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Fig.31 Density results measured by XPS method
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Fig. 33 Cross-sectional TEM image of 0.18 tm&40nmCMOS embedded ReRAM
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Fig. 34 Cap metal covered upper electrode
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Fig. 35 Essential technology for ReRAM scaling cell formation
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Fig. 36 ReRAM test-chip layout and overview
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Fig. 37  (a) LRS/HRS cell current distributions after 100k cycles endurance testing
(b) LRS/HRS cell current distributions after 10k cycles over 10 years

at 85°C Data retention testing
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Fig. 45  Structure of the sensor element(a); TEM cross-section of window (b);

and schematic drawing of part of sensor element with a filament(c).
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Fig. 47 Experimental apparatus of hydrogen detection sensor
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Fig. 48 Step pulse voltage electro-forming of sensor element(a)

and Resistive switching behavior after forming under different switching voltage (b).
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The current change as a function of hydrogen concentration (c)
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Fig. 51 Reproducibility property of sprayed 100 vol. % hydrogen gas response.
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Fig. 52 Response of ReRAM type hydrogen sensor to various gases.
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Fig.53  Test results for HMDS (a) and SO, (b) poisoning.
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F 4T ZAVE TD ReRAM R OKF & > OFHmASE R %2, o E D
b &0 TEE D, kYL L T, AU Hide —Z—%2 3L
L7228, HEEE ORI, KB OEEIRME, MekEED 2 Y » N &k

OO
x4 KIEENMEIHORFI—
Table 4 Benchmarks for hydrogen detection sensor
ReRAMAG T EARAER[2] FET/AR [6]
YRR O2HEHEL 5-10%D02HE -
t—45— rE ME(4007C) MHE(1157C)
SHEES) 0.4mW 100mWwW 10mW
HTHAX 0.3 mm x0.12mm 2.4mmx2.4mm 2mmx2mm
IRE (1%) 30sec <30sec 0.8sec
o EN T 0 (No need) <1 -
HAERME
CH4,C0O2,CH30H =VERTE EIRTEEL -
CH3COCH3
?ﬁ%'li = i = -
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Fig.54 Relative response of the sensor exposed to air and
100 vol. % hydrogen gas at room temperature.

The resistance of the ReHsensor has three levels that

we term Level I, Level II and Level 111.
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Fig.55  Current-voltage measured data and fitting curves based

on the hopping conductive mechanism of the sensor in air (Level 1),

in air after Hydrogen exposure (Level II) and in H2 (Level III).

K5 HRYEVTEBEBANZXLIZEDIT9TAO T HIRD
Sm, y B U Rext DB
Table 5. List of derived values of Sm, y and Rext for fitting curves based on

hopping conductive mechanism

Parameter Expression Value Unit
SmH AO'H/d 17.0 MA/V
N7t Aoyyd 60.8 HA/V
VI Ryd 0.195 ---

Vi Ryy/d 0.185 -—-
Yur R]]]/d 0.190 -
R --- 83.4 Q
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Level I1

In air after H,

Current
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(Vo BER RFfa)
Fig.56 Mechanism of hydrogen response of the sensor
(a) the sensor with filament,

(b) different current level under different state of filament

(Vo = oxygen vacancy).
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Fig.57 IoT and battery drive type hydrogen detection sensor demo kit
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Fig.58 Action of IoT and battery drive type hydrogen detection sensor demo kit
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Fig.59 Concept of hydrogen detection sensor system for hydrogen pipeline
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Fig.60 Comparison of hydrogen detection sensor for Fuel cell vehicle
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