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Development of high-speed nonvolatile memory using intersubband transitions for
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High-speed nonvolatile memory using intersubband transitions in GaN-based
resonant tunneling diodes (GaN-based RTDs) was studied to realize a high-speed nonvolatile memory
operating at picosecond time scales. Nonvolatile memory operations were successfully achieved on Si
(111) substrates by constructing a new design method for GaN-based RTDs and improving crystal growth

techniques for GaN-based RTDs. In addition, guidelines for realizing higher-performance nonvolatile
memory characteristics were shown based on the obtained results and an operation mechanism of
nonvolatile memory using GaN-based RTDs.
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1. WML PO R

IoT #EE2 O BT T, HEEEHISE X2 D2 Ea— 2 —DREEREEABFESI T
W5, EOFRED—DE LT, RERAEVEZHNWASZ LT, ary Ea—¥ —DOHEOEHERLL
SMTEIRZER L, FENZEBT D /) —~ ) —FT7ara—7 4 U 7 HNO RN
S TW% [K. Ando et al., J. Appl. Phys. 115, 172607 (2014) (Invited). T. Nakata and H. Nakamura,
Normally-Off Computing (Springer, Tokyo, 2017) Isted.], L2>L. ZOHITEFEE T 512iE, BE
DALE2—=F—DAA L AEYRLLL2F ¥ v 2ETHEH SN TSI AT Y (DRAM
X° SRAM) L AR A — RERFOREE AT Y 2RATHMLERDH D, TDT=H, MRAM (B
KIEFIZEMHAEY ), STT-MRAM (R B FEABALKER A E V), ReRAM (EHTZE(LH 2 £
). PCRAM (FHZEMAIAE V) FEOEL IR ARH#HIE AT Y OWFFERRFE G NIHIZIT O TN D,
ZLT, ZOFRR, AL ARIVRL2 Fv vy 2B ~EAFREARARERATY OFEBIOFEL
WIS TETWZ, LvL, L1 F¥ v 2oL P RZE A RE7: SRAM & A%/ A — R
ERONERATY , Wb b, Eafhd—F —CEERRE/REE 2 AR A€ Y OFHO Al
UL, Seo TWiedno e, TOBO—2 L LT, T Y 7 AR HEE N x L H A 4 — R (GaN
# RTD) THEULD 7 = b NA—F—DH 7N\ RHEBEGEZ WD Z & T, mil/2 R ER
ARV EHEBATHZLEHEE LT,

2. WHEOHEHD

AWFFETIE, GaN & RTD TOH 73 RREEBBIR 2 W 2@l A5 A £ U O8] L OVE
FMEIZR W CEE L 72 2 RE ARSI & o b 2 fer 32 Z L 2 B0 E LT 1T o 7=,
LRIz, 20K BEEZ RS,

(1) GaNZ& RID # W= RERAE VX, T E T, Bkt gifmtosny 7 7 1
T (000 HIZ/ER L CT& 72, L, Si T3 ARMORIERE AT Y E DA T U v MEFE
B a2 MUIZAFIEB Z B D Si(11)EEMKR 2, GaN % RTD ZHW e A ¥ AT Y 21F
WIHrZLrBEEE LT,

(2) BEELBLIOMEBEEEBEICHT T, AE Y O 2R+ 2B L,
BRI, MBI RE S AR A VR EO LI OF WA NS = & T, BRI, L1 v vi=
RV AFEIEA SN TS SRAM L R%ERE LAY A XZFE THIMETEX 2002 LNTT 5
TEEEEEE LT,

3. WHgEo sk
(1) Si(11D)FEH _E~D GaN & RTD OIERLE AT O T.

Si(111)EM T, GaN & RTD OfEfREHAIER E LTI ETHWTE 297 7 4 7(0001)%
W& HRD & A8 R & B BB IRIR L COENR K E W, ZD7®, Si(111)EHK E
IZ GaN % RTD Z/ERI L7448, BT HFEEDEE T, ~TF aRE0H (b, BiBEEED
MREIZEL ST, AMEBAT VMRS T D Z LB TR SN, 2085 BREpES{L % Bl
57912, DGaN & RTD X FHEDUE & &7 H A EE DKk, @GaN & RTD @ GaN/AIN ~
T v R EM Ok, KO, @Si(111)FER & W -8R DR 1 5= K OB R R =
Ko TRETAHHEEZFMT OO MRESINEMIT5Z 2 HE LT,

(2) A%V LEIT O L
R 72 SRAM (R : 7 nm 6T-SRAM, [fifE : 0.027~0.05 um?) & [ LH A X T, Rf
¥ AT VU EMEE EHT D I2E, B 100~200 nm ATt OB A V412 A4 5 GaN & RTD % {E
"I LZMBER DTz, ZODIZ, BFE—2@NE ICP =y F U Tt 7 A— A
— 2 — DA A P HEYE DGR, A FIHIEICEE S 2o 2 7 MREUB KR OIHIEAT, 2 E 8
{BIS R AT R 72350/ A REE SRS B /8w o= g UHE, RO, RS DEEIEIC & 5 Bk
R 2N+ 5 2 L2 HIE LT,

4. WF7ER R

(1) GaN & RTD DO #i7- 7% G 7k 0ESE & il

AW ERREE O AR ME N A B0 A, £, A7 2 HREAE v GaN
% RTD D/ RHEE R VB EER OB 22y I 2 Lb—ya VAL, —hab e
&Z-\ GaN % RTD %)ﬂb‘fixﬁ%)‘ £ U @%%ﬁ&%}f (Vwrite) &U‘Yﬁf%i (Verase) ®$%SHE:/€
‘3 7( —5_f&ﬁ‘ﬁ%§)ﬁﬁﬂi LfCo %O)%%\ Vwrite&U Verase Lj:\ GaN % RTD @#)EE&U\/\ U 7
JE R AR —P—J@ DR, LRZEIEDEZCKIZ & > THRE S GaN 5% RTD O g TOW
HER, = v X AAR—F—BIIBET DL 2RCESF A, TIvFERPI LI ZEDOT =
JVIVENIZ L > T, BB T D Rbhot-, LT, ZhETELNTFERT—¥ % L
DVRESEIAT L Z SIS Lz, b ORRIE, FifiamCEE [M. Nagase etal., Phys. Status Soldi
A218,2000495 (2021)] THE LT, 77, 2DV I 2 b—ra VR4S &I, Si(1D)EMR L~
YERLS 5 72 D GaN 5% RTD ##i 2 R 7E L7z,



(2) GaN/AIN ~7 1 JUmith## & A€ Y ON/OFF thDHE K

ZHVET, GaN &R RTD O & HAMELZ KT DRI, = v & kha vy X &L
avH 7 MNEEOWHKERI UL BREAKBIZELDBRESI YV T T RAEANWTE 2R, EEOH
DOF v U T HA L& rimethylindium (TMD O (TMI Y —7 7 7 % 8) ZHWHZ &
PR LT, TR, B ARED GaN/AIN ~7 o JE THRAE LTV E Y MRORE LK
Mas il S4v, LV @i ERE T HAEEEZ KT 2 Z LIClP Le, o, Z0UGEICL Y,
R LV E 20 280 EEVy ON/OFF L (3600) OARIEI A€ VEMWEL BT 52 LI LT,
Tz, BEFHIREETOE Y MRXKR R OB ORI X 5> T, AE Y ON/OFF k23 20 %
PLER B2 &0 ) EBREFEENS | AR AT Y EEN, K ~DOET N7 v FIRIKT
26D TIERL BEFHFTOY TN RHER L EFEEDIRICER LTS &%, T
MR 22 LTI LTc, £, 2o OpRIL, FiliEmCEE [M. Nagase et al., Semicond. Sci.
Technol. 38, 045011 (2023)] T L7=,

(3) Si(ID)FAK EIZ/ER L 72 GaN 52 RTD ORHEFE A € U K51k O FFAM

Si(111) AR & AL 1EAR O T EHE & BIERIREGEIC L > THRAET D GaN & RTD O
BAEMT 51 LT, GaN % HEMT <° LED % Si(111)# BiIc/Eil+ 5701, 2 ET
VB L C E 2K AlGaN (LT-AlGaN) J& & AIN & % H 7= EfEFI AT [T. Takahashi etal.,
The International Workshop on Nitride Semiconductors, 2012, TuP-GR-15] ZHW\5 Z & Zat L7z,

COEEMEGgNE BEXY VT H AL TMI Y —7 7 7 # 2 b ZFz GaN/AIN ~7 1 f
BERAT A2 S D Z L T, GaN/AIN & RTD % 4 A > F O Si(111)EHR FIC/ERI L=, £0
R, By MIROFE R RS BB E DD 720y GaN/AIN ~7 1 JUi 2 kT 2 2 L IT )
L7 (1),

F 7o, 25X25 um? O EAREE A ER L NI A £ U R A 3 L 7265 . ON/OFF ki >440,
IR AA v F o T (100) =9 ns (SEEERFH S ERE) 70 & O BAF e A5 A £ Y BIEZ | Si(111)
HER EICBWTCHERTHIZ LT Lz (X2), £z, 21%, FESRKMa S OB M
M (ms~ps A—%—) L0 L@E#ER/ OLRAEBLEEZHANT, RMERAEVEERER SN TS
ZLHERRLTND, BIL, AR . .
FEFE A U BHEDS, B~ b SR L s
DELF N7y 7TIZERERTEH
@"Gﬂifci < N %%#ﬁ*@@ﬂ-j RTD structure
Ny REER - E SRR
WCERLTWD Z & &Y
LRERTH D, Ep b mbtEnelk
@f:ﬁ)ﬁzéi\ Eﬁiﬁ{j@{&ﬂﬁ% GaN buffer
BAH PG e 7e 82

%\%Tgb 5 75§\ GaN % RTD @ Influence of
78 FHBEHG % A . MO
HZE T, Yapt—2—afE LT-AlGaN oo
DOEEAFEFE AT ZEHT AIN/AIGaN
x5 ﬁﬁ?l‘i L 7LCO si(111) sub.
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o T 8 AN o (a) (c)
Zggg iﬁ 7»@? %% K%%ZTEE% L Si(IIDAAR EIZAFR L 7= GaN/AIN RTD Ol TEM 2. (a) 2544
PN ) e (OVETIHTHEE. (o) HIBHR(L OB, Reproduced with permission from
JADEL"2 Poster Award 5 H] Nggage et al., J. Appl. Phys. 135, 145704 (2024). Copyright 2024 Author(s),
T5HZ LI LT, licensed under a Creative Commons Attribution (CC BY) License.
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(4) =27 27 » ZRERHN & 72 D EBEIC T 7o 3R EHE# O fET

Si(ID)EEMR FIT/ERE L7 GaN & RTD ORI AT VRO =7 2 T » R ORI 21T -
2o ZTORER, K 3ITRT L ST, HVON/OFF t (>50) T, 103 A 7 vDxF—7 Y —&)
FEEBTE L2 L 2R LT (orr & Via=10.5 V THIE L723555 121X, ON/OFF t>150 &
BN, T 2T v AR E O/ NETRIEM 2 B L. lorr & V=12 V THIEL
72)e LL., RUCHIEEZEREREY &S L, BIG, A 7 ABEEIML T & HEBIED
TT—R lopr DEBNNK Z o7z, £72, ON/OFF b & =7 —7 UV —BfEL RBITX 591 7 L4k
WZiE, P —=FFT7 ORGP H L Z LR Do

7oo ThbOFERRFER & GaN & RTD & V=R 02
HREAEY OEEA D =X LD, =T —BfEP ;
Torr DEBOJRA ZFTHE LSRR, AIN N T/E
DORMGENZ N LT-BE Y — VBRI D ET
HENHOEHEFEEOEERER LTV Ton / oge > 50
ZEBbhoTz, T ORI, FiiERSCHE (M.
Nagase et al., J. Appl. Phys. 135,145704 (2024)] T3§ Tort (Viess = #2V)
FLi, o, Tedn AT OREMEL & EE ¢ o o o
ﬁlé’ﬂﬁ % H *E‘ L. %ﬁff_ A %%#ﬁ*ﬁﬁ%*ﬁ%ﬁ L Number of cycles

=, HPPEEO HF - B RIS \ 4

;{: R?lgti@)j;?{fViﬁfﬁfjr&()\%ﬁlj;@{i%g;g 3 = /? 2T v AR O FEAM. Reproduced

e 1 . e o N with permission from Nagase et al., J. Appl. Phys.

RMGHERLD /N R TRAFIEZRR EZ2 VD 135 145704 (2024). Copyright 2024 Author(s),
Z & T, AINANY TREOXKM HENL & ML= ETY licensed under a Creative Commons Attribution (CC
— 7 BIR A FTRe e | P S A Mt L. £ BY) License.

7o, FEFHR A T o 7,

Ion (Vieaq = +0.5 V)

Current/ (mA)
-

(5) A%F VML EAT O

B E—LBHEKRNICP = v F o a5 2 & T, EA 300 nm OWGH A i iE 2 TRk
TAHZ LI LT EHIT, SIN /Sy o _—3 g URRIBEETCE F B — LB EE v A7 L
A FHNIEE 7 AW Te ERG DR HEANC X o Tl 2 ER T s e E RS Lz, Lo L,
Pl aaF AN ADEEIZ L > TCEHEEY ICEREZED D Z ERRETH-T-2 &0, F1-.
BASEEEIC, L0 ZEBMELCa b2 I CE BT H I EEZBE L. T ORI
FER EERERE L2 D, R EE S LTV ERR 100~200 nm BifE OMGH A &2 H4 5
GaN ;&2 RTD OEf, B X ORISR A TV EEOMRE CIZIEEL R o72, LML, 4% AR
e Z ke L TS TETh D70 AT TRIC, 3002 A E Y O b A EEBL 5
EEbiz, HiehETHIFEEEHNWT, B AE ) 0EHEIbEEH LI-WEEXL TV,

(6) 5%OTIE

VAR, TSMC <0 Intel 5D HERFPLBER A — I —IC L > T, Fv 7 LUy 2N L~ULTO
3 RTTHERLHANBI RN AR ICHED S, £ LT, SRAM &l n ¥y 7 A& % 3 onEfibd
HEMBMESLSNODOH H[1,2], EiLEML, A ROFKEEIETHLIARARERAETY & Si T
WA REL DA T Y v VERELB L3 Ea—F ¢ o ZEIISH 2 ATeI1c LT < U5 Hil
THDHIEND, AFEHEZ B U THEONIZMASLCENR 2 S LI, AREBATY OFERDE
ML E AR L CWE 72N EEZTWAD, £72, SRAM OfUE L 2 2 5 E R R A £ U % FPGA
WL, BB o v a—T 0 UV E 2 EHR T AR LD STV [3],
T B a—T 4 7T, BUEAEICHER LTV D AR ALICK L TR R BT T 5
7o, AR AEY OFTRICHEMNE L TR L T ETZNnEEZ X TV D,
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[1] C.C. Hu et al., “3D multi-chip integration with system on integrated chips (SolC),” in Symposium
on VLSI Technology (IEEE, 2019), pp. 20-21.

[2] A. Elsherbini, et al., “Enabling next generation 3D heterogeneous integration architectures on intel
process,” IEDM Technical Digest (IEEE, 2022), pp. 631-634.

[3] Masakazu Aono, Atom Switch -From Invention to Practical Use and Future Prospects- (Springer,
Switzerland, 2020) 1st edition.



3 3 0 2

Nagase Masanori Takahashi Tokio Shimizu Mitsuaki 135

Nonvolatile memory operations using intersubband transitions in GaN/AIN resonant tunneling 2024
diodes grown on Si(111) substrates

Journal of Applied Physics 145704-1 12

DOl
10.1063/5.0198244

Nagase Masanori Takahashi Tokio Shimizu Mitsuaki 38

Enhancement of nonvolatile memory characteristics caused by GaN/AIN resonant tunneling diodes 2023

Semiconductor Science and Technology 045011-1 12
DOI

10.1088/1361-6641/acbaf8

Nagase Masanori Takahashi Tokio Shimizu Mitsuaki 218

Growth and Characterization of GaN/AIN Resonant Tunneling Diodes for High- Performance 2021
Nonvolatile Memory

physica status solidi (a) 2000495-1 7

DOl
10.1002/pssa. 202000495

5 0 1

Nagase Masanori Takahashi Tokio Shimizu Mitsuaki

Characterization of Nonvolatile Memory Operations Using GaN/AIN Resonant Tunneling Diodes Fabricated on SOl Substrate

Compound Semiconductor Week 2023 (The 49th International Symposium on Compound Semiconductors/The 34th International
Conference on Indium Phosphide and Related Materials)

2023




GaN/AIN

2024 71

2024

Si(111)

GaN/AIN

2022 83

2022

Si(111)

GaN/AIN

2022 69

2022

GaN/AIN

ON/OFF

2021 68

2021




2024-038382

2024

URL: https://unit.aist.go.jp/riaep/

(TAKAHASHI Tokio)

(SHIMIZU Mitsuaki)




