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LI FIEL A AICIZ T RE o kT ICBH AR BEFI I THR SR AS Fom B RE L (IRRE
FESRRF R A BB AL E AT @ BEORTERL, FEAR AR R B3k 2-3 nm (175
s b R AR AL B 25 AN TR 1 A Y Ak B A 0 SR A S 5 e R R TR AR G Tk B
B, Bl (0 RO R 32 S BR AR PR B, BV GE AR N AE BB 2. Rk, —
AERPRHE B2 BT FEE AT 2 000k, IR E R RS . R A
SRS R A A AR A A T S U T O D AR 2 — 1 Bl gt R L
a-MoOs £ 58 L ROR, LA P B sh i H T, A5IERE. FIREITR
BBEE & TR, a-MoOs ) 3 K BES R 3 A2 80, 15 i PE A e = o
X AR HAE 4 a-MoOs £E T A 5 TS 2 27T, HARr i 2R
GEREA R TR AN TR A T 8 T N 2 T 5 I ) SR e A RO 7
FORAEEEAE M . BT Mo WM AT AR, L BA MRS KA A e T, A
B SARK2 G o-MoOs HIFHLZ AL, BFFE A DA AT 7, (H3
T a-MoOs 12 BH &3 FE S A7l TH B AR AR e PR SR kT 28 13 i LA K v 4
PLERSFIE it — DT, SULRIN, N 7452185 HAzE P A7 o, K
AR B R 0-MoOs 45582 iR A o (R B 2 [ . A e 48 T 0-MoOg H 2
RERY SR, AF it — DR R AR AL . HIK, 45 T KIA A a-MoOs )
Jiids JEXHAEAR R HATRILE, T AN F G BT EXT a-MoOs SRS 1) . 45
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W RS ZS 1 B-MoOs £ [MoOe] J\ A 7E = 4 4% ] FP 6 52 A T2 R I B RL A5 ),
K 1b A7 . 5 E a-MoOs FIE5#) AT LR B B-MoOs A~ 2ify ¢ flt ([001]) FL=id,
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Fig. 1. (a) Crystal structure of a-Mo0Os. (b) Crystal structure of B-Mo0Os. (c) Crystal structure

of h-MoOs.
2.2 fE A
AAE a-MoOs [AIFEF BR -S4, SLIRIS R AR w410y eV, JLIPFRATH
A2 30 1 BT, MR AR SRR R — KT 107 QemD MY, % 8272 1% 14 ( Density
Functional Theory, DFT) {15 & HPE o-MoOs HIEIFEZHFR A 1.96 eV, HZ
a-MoOs [FFEARH 16~ 2,03 eV W&l 2 fras, 1T Z4ERP Rk i & BR 1 RS
SEI G Ry
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Fig. 2. (a) bulk electronic structuref®l. (b) monolayer electronic structuref®l.
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MoOs 45 A4 Rk I 15 5 7T LA 27 BR S B I7- I B2 , ATTT K HL B Y
WHRENTIRH T &P ITVEAE o-MoO3 JHEIEE i) 1 280 7 67 SR e Sk i = B0m T #%
#. Hanson 254 A f 7~ U4 B B BB A D7 VARG S8 R AL BB, SET n B
JRAT R T AR . B a-M0oOs HH RN SN (K U T e, TR R
P gtk b AN [ 7 B RS8O0 SR S 0 B RE R e 7> L .l DFT+U i+ 515
3| dat A o AN [ 67 B R 8 AT R ENvor<E'voa<E'vos iR IKIE K, 437l 1.85.2.19
#13.20 eV, Inzani 2 AT T AN [RS8 R0t B S M IR B0, B 110 31 A2
/N a-MoOz 7 fit, Wil 3 s, MALZATHEHY. 1.96 eV [£{KF] 01, 02 Al O3
R 1.64 eV, 1.88eV Fl 1.68 eV,

2017 4 Wang &5 N EACARAE B AR K, FUS A SR IR R I, 122
T4 AL ) 51 ANALAF SR B ASAPAE , RIS 27 A2 B 134, 5 S0Rs FELAR A3
MR & T a8 0 s g R ERRL, Crowley Z7EIE RS RN (ArfHz, 90/10%)
BRI IR K 0-M0O3, . H T8 AU F 45 Mo™® BiE 5 29 Mo™ Fil Mo™,
AL G LEAAE a-MoOs 22 /i n BB %1 MoOsx, MM | LT3 A5

PRGN, BTN AL RIR BT, B n BB AA7 90,
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Fig. 3. () in the stoichiometric case Band structures of MoOs*2. (b) in the vacancy on O1

case Band structures of MoOs!*2, (c) in the vacancy on O2 case Band structures of MoOs!*2, (d) in

the vacancy on O3 case Band structures of MoO3[*.
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WP HRESHNE R, WA 1. THEMMARRERE, %77 L ETERY)
WRE =T AT A
Kl 4a N 0-MoOs Kt FE 7R & S, 2771538 % R MoOs #; R A1E N R
Bl 2R T MoOs FHE, i 58k A &, TURFERTIR b i,
MoO3 £:7E 700 °CLA_ETH4E, 600 °CLAN FRITAR, AN [F] B UTRIR TP B =54k
FHIES R AR . 2017 5 Wang 555 MoOs ¥ ARAE N AT SR hn#zs &, i@t e
AR TR FE A5 B R AR 1 = S B oK P 30, 6 o] TR 2 1) T vk 22 1)
a-MoOs #UTARER R b, I HRSIAR R, JERIEVIN . 287 £ 1) MoOx 78 fE
ABEE R IATE AT X, — ERE RS, IR MR, 33 MoOx
(K% . Diaz-Droguett Z57E 100 £ 1200 Pa [ 5 HyulE K, DIRSME NS EE
75K MoOs, Al A=Kt MoO3 Fll MoOsx HE A7 1K 45 1101 AN [ ) <R i vl 5%
e A=K ) A AR AN G 2 TE AR B9, 7E 600 Pa IZU R I, VM BHE 763 °C
£ 910 °CZAJBEAT A KIS, B ARG AT ik 100%, 2z, Hosid mek o
NERSARIPE A B, R R R Y Bk, FECRANR T BUNE TR
DURTEART ISR, PRI AS 20 6 i TE A RHEL ) 2238 K o AT SR I 288 Ak B2 7T LA
5 a-MoOs [ [a] AE KB, 2018 4F Zheng %5 [RIFE R A7 =i, o 42 il A 0
B PNAE, RIEINATIRYI IR EE . T LASEI a-MoOs B i A [m] )RS TR
KB JEK L PR T 24 Y AR IR N B 2.0 om I, SR %8RI A 0.02 em B0 E]
0.15 cm, “FHKEERT N 0.68 cm 34K F)] 0.72 cm. Wil 4b JE KL 9K R T2
KITTEH], MoOs TR BE 73 iy ¢ FliAl a HhAEK. & 4c B &4 HEiZE i HLBE
(High Resolution Transmission Electron Microscopy, HRTEM) Eit—iEm T

a-MoOs PR Fr FEALBUA A KT . B 4d v X S0t TRe ik & (X-ray



Photoemission Spectroscopy, XPS) £t Bt 5433 ¥4, a-MoOs 442K H i) Mo/O 11
Ji7 Lty 2.97. FEMLIERL b, Sun & NRIRERIE AP TE, EHE T4 7 E
K2 a-MoOs, ¥ WAL 2 em HIAT SR N2 IR A A5 LU E AT, THUEAE N
12 8 cm HE N, 0-MoOs fi i A KAE A S B A BE B, FEBCAH 1R A5 5L I

INTHETIHER, a-MoOs fb A BEI5 315 i SRR Bl AN Wi HE AR 281
£ 1 —BEEHIE 0-MoOs K%M

Table 1. a-MoO3 growth conditions prepared by one-step method

Substrate Lateral
Growth time Thickness
Ref. Carrier flow Pressure temperature size
°C min nm
[13] -- atmospheric 580 120 69.6 um  5.3~89.8
[17] -- atmospheric 850~1050 30 0.72cm --
Centimete
(18] Ar atmospheric 750 20 4.3~550
rs scale
500>600
[19] Ar 310mTorr 530 45 840.75
pm2
wafer-scal
201 Ar & O 100mTorr 150 90 30
e
Centimete
(21] -- atmospheric 540 20 >1.4
rs scale
several
(22] N2 atmospheric 350~480 20 tens 2.8~14

micron
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Fig. 4. (a) Schematic illustration of synthesis of a-MoOs in a two-temperature-zone PVD
system[*3l, (b) Photograph of as-grown a-MoOs single crystals on SiO/Si substratel*”], (c)
HRTEM image of the 0-M0O3 sheet. Insets: corresponding TEM and FFT images*’l. (d)

High-resolution XPS spectra of O1s and Mo3d of as-grown o-MoOQj3!*7],
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Fig. 5. XRD patterns of Mo films oxidized at various temperatures24.

3.2.2 T RUTE

J7 72U (Atomic Layer Deposition, ALD) & —Ffr 5t i3k () < AH IR O
s BRI A ) B PR R T S 2T, T ALD BB EREENE, T LURS At
PRI RS . & 6a Sy ALD JURVSEALAR IR FRPTY, o ol S S JR0E N M 5 U Pl
FEMRRI, 2 J@ N E WA R R T I 5 1 S SR, 5 3N 55 B A A
VR REAG B B A BT, I AR — AR, IS 4% 1 18 PR TR HSOR G M 1
1 MoOs )5 . 2010 4F Diskus Z5F]H Mo(CO)s. Oz H0 {ENATIRY, 5T
SRR AE A AR KT AR A AR, 5NSLSURT LA A R 1 A K 221
2 0.75 AP, fEECIEN T 5 BV 2 MoOs T TR . 2012
4 Diskus 2 N#E— BB 58 T T TEHI MoOs [ a-MoOs 45 it 7 B 4 120, 75 %
X MoOgs 7E 400-600 °CHIZEMF TR K, [l 6b iR K5 I 2 RAE. 1BKIR
JEiXF] 400 °CHJEE ] MoOs #4804 B-MoOs, 4 [E ik — T+ £ 600 °C
i), JoE I MoOs 5454 a-MoOs. HH ALD J7 ik SEEL T Rl 4 il 4 T 1 4% 2 1)

a-MoOs # i, HBEAA =PI — S EE .
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R & B R WSFEZ NN G, s
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Fig. 6. (a) Schematic of one cycle ALD process for MoOs film[?71. (b) Raman spectra of 40
nm thin films of MoO3 deposited on Al,O3 by ALD, a) as deposited, and annealed in air b) 8 min

at 400 °C, ¢) 4 min at 600 °C, and d) 7.5 min at 600 °C[?],

4 a-MoOs £ 7 T+ H 48 B 52 A
4.1 [HAZRARMF

BELAE A7 it 5% S A DR R AR PR AS B U2 A 9, 91 5K 0 08t DR I T L
g% B . 5395 & 8 A b F &k (Complementary Metal Oxide
Semiconductor, CMOS) T. 2345 #8fF RS IRA 546/ 2 10 nm DL REREOSE],
I HUH BRI FE BT SR B S FH v 45 2K i, Horh 22 ThRE I & R S8 AL )
MoOs EfE I mITh k. KT oM., i 2Aar DU 3 e 8 SRR 1
FA BRAEL () FL BELAT- s 2 A ek 2 — 134 390 TR T 53R T 4R A 2 v BE B LA fis
% (Resistive Random Access Memory, RRAM) I #F 7 i & .
4.1.1 FHARA7 A 1E

Xt U B FHARAE it 5 IO VERE S B3R 2, ATLAE Y a-MoOs [ A4k,
HABKKIF R, FERMANE, #EREAC, TR NEH . 2012 4 Arita
S5 M F AR BRI K 7 1256 %% MoO3 2 RRAM 2544, B9 1 #E 400~600 °C T4
AIRE S R4 FIFT P-Ir SREFVERTIE Hbl, R BB R R A XU
A BN A, BEARTFOCLETE 10-102 22 1] o AH R A0 BE RS 1Y) J7 145 21 1) PR AR 25
PP LA H AR e M 22 . (A, 2015 4F Tan 257 F /K #02A . MoOs
gk, HRH AuMoOs/Au S5 1 —YERHAR B340, SRR L RS E i H
PTF AP, JFRELZ0h 103, TESEERAG [, 2019 4F Wang 55 AN FIH S M A& 4k
FRT R T AEEAR o-MoOs 2K B IR HIAE 1 BHAR S AFRT. Il Tab PR, %
P BAT SRR 5 SR fLBELIT R AT Dy, ZETIN 1F B Hs IS 2584 B 7T AR A e BEL [ G FHL



IBkAE (set) ST LASE BARRH A B A #EAE Creset) , B A Zg (i 2 73 il 9 5
— R set Ml reset i f% . AT LAE B (i 26 7E 3.2 V I @A BEAE A TGP, B
s friate (forming) 12 . HFUEINIE R A (SREHZD X5 4.1V I
BELSURI R B 2 PR A , SE AR reset i A o B AT 2R 7E 3.2 V I R B 2R
N BEASIEA set, [ 1E 17 LS A 4k S0 7R £E O AE F T S8 ZE reset BHAE
FrErs SRR H B B MR B BH T 5CAT N . B RImIFHAS (High Resistance State,
HRS) FMKFLA (Low Resistance State, LRS) LUAE A LLEF] 105, i A P RF 4L
R 3 RIFHAEFRIFMFEEM. 2018 4F Rahman 2% F L2 S AR
(Chemical Vapor Deposition, CVD)IE A [ J24K MoOx Hi i,  FH 72 BRI LB
HUE (~2.7 V) FE7R i i B BEIE G PERERE. A&l 7e,d FrosdsfF T R b ik 3]

103, s i) ORFFINS 8] K T 10% s, fiif AL AT P& 31 6000 (K PA_F AR
R 2 ZHEMNAHEE AR SR RE XS EE

Table 2. Comparison of Performance of Molybdenum Trioxide Resistant Devices

Vorming Vet Vreset Retention Compliance

Ref Ron/Rosr  Endurence

\Y \Y \Y S mA
[24] 10~102 60 1.8~3 1~-2 0.5~1 -- 2~5
[36] 103 -- -2.2 1.7 3.3 108 103
[37] >10° 50 3.2~4.1 3~3.9 4.45~5.9 10 50
[38] 103 >6000 -2.7 -2 25 >10* 0.8
[39] 18 -- 24.5 1.8 -1.1 3.6x10° 1
[40] ~350 -- -- 1~-3 -- 2.6x<108
(411 1.15x103 7 -- 4 8 4.5x10°

[42]

1.6x10? 500 -- -3 3
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Fig. 7. (a) Representative I-V curves of unipolar resistive switching behavior in the a-MoO3

crossbar sandwich device with a lateral area of 2 <2 um?. The inset shows the corresponding

optical image of Au/Cr/a-MoOs/Au crossbar sandwich structures and the scale bar represents 5

umB71. (b) Time-dependent measurements of a-MoOj3 crossbar device switch featuring stable

retention at room temperature. The resistance of the HRS and LRS is determined by measuring the




current at a small bias of 0.01 V71, (c) Characteristic current-voltage curves of a memory cell
subjected to repetitive switching cycles!®l. (d) Performance endurance with respect to number of
switching cycles. (Resistance values obtained at a read voltage of 500 mV). Inset shows the

voltage pulse train during endurance measurement with duration of 2 ms of each pulsef*l,

4.1.2 AR IRAE IR 1

2018 4 Hsu %5 I FH S A5 25 it 77 12360 46 1 MoOx v JIE, 38 ok 8 O2 I i
Kyl A&, H#IE T AI/MoOL/Pt AR #1FH2), BIFL T O it MoOy 23
fF B BRI RN, BEE AR E RN, SRS AR A AR N . BEE U
TREIGIN, R R S A% AR D DR L RE S N 1S 2R B B #ERE . £E MoOx/Pt
TR R A 22208 3.3 eV, 11 Al/MoOx LTI #4429 1.9 eV IXFPAN
Xof TR F AR B A A A BT R AR, I BB RO R G R R SR R Rk
. 2 Oz YAy 9 scom i, 7331 T8 1 B RR E ELAR RE M, O HL BRI
FF R LK (200%) 4nf&] 8a,b fra« 2019 4 Du &5 AN H —4E a-MoOs 4K 7 il /E
THREA AR AEEY,Au B o-MoOs 44K FHAZ 48 1 2R B B2 (1l 5y 2 Bk
PERHARRRM:, FFIC L ATIE 5.010%, FFRHEZIN 3 V. HT Ag Fl a-MoOs
Z NA) R HL BELABOR, SR Ag AR g FBIGISE AT DL S EIA4E 8 A B XL [ BRI T DR 12
F£ 3.5V I, HLR R IR NI AE i s IR I AR P AR FFAEARPEAR A, MAE L &
PR -V 25 5 E R i X TR R IR R B B, KRR
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Fig. 9. (a) Schematic illustration of vertical device structure and measurement. (b) I-V curves
of negative voltage . (c) 1-V curves of positive voltage, the insets show the variation of the
current read at #0.25 V with increasing cycle*®. (d) STM and LTM demonstrated by applying 10
pulses with different amplitudes and widths[>?l. (e) Conductance change at the first pixel. The blue
dashed lines indicate the read-out moment after inputting the last pulse for a given letter™, (f-h)
Images memorized at the moments marked by blue lines in(d)letters “X” and “Z” are memorized

in the STM mode, while the letter <Y is memorized in the LTM model®7.
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Table 3. Performance Comparison of Synaptic Transistors

Operation Energy
Channel Pulse width
Ref. Electrolyte Votage consumption
material
\Y ms J
[56] a-MoOs EMIM(CF3SO2)2N 2.5 1 9.6p
571 a-MoOs LiCIO4/PEO 25 1 ~0.16 p
[58] IGZO chitosan 2 25 1.0n
[59] 1ZO methyl cellulose 0.2-1 15-60 16 n
[60] MoS; chitosan 15 10 5p
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Fig. 10. (a) Schematic illustration of a biological synapsel®®l. (b) Schematic diagram of the
three-terminal synaptic transistorf®l, (c) Schematics of a synaptic weight layer composed of
voltage programmed Li-ion synaptic transistor crossbar array and access devices®l. (d) The

recognition accuracy evolution with training epochs for 8 <8 pixel handwritten digit image!®.
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Abstract

In recent years, a-MoQj3 has received extensive attention in the research
of memristor devices. The change of valence of molybdenum will lead to
the change of resistivity and the unique layer structure is beneficial to
donor ion implantation into free space to adjust the conductance, so that it
brings intensity impact on study of synaptic transistor. This paper mainly
summarized properties of a-MoOs, the method and characteristic of
large-scale two-dimensional a-MoO3 and analyzed recent advances of
in-memory computing based on a-MoQs. Primarily, this paper introduced
crystal structures, band structure and defect state of a-MoOs. The
synthesis methods of large-area a-MoOs; were compared, including the

one-step method to directly obtain a-MoOj3 nanosheets, and the combined



post-annealing process of magnetron sputtering or atomic layer
deposition to realize the preparation of thin a-MoO; films. In one-step
synthesis method we conclude that the chamber pressure influences the
ratio of MoO3 and MoOs.,, and the growth temperature affects the ratio of
a-MoO; and B-MoOs;. That is to say, the phase composition of
molybdenum trioxide, the concentration of precursors has an important
influence on the film size. The advantages of a-MoQO3 synthesis by
different methods in memory computing applications are discussed in
detail. And then, it summarized the device performance of a-MoOs3 in
memristor, and application progress of a-MoOs-based Neuromorphic
devices, analyzed the performance of a-Mo0Os-based resistive random
access memory such as switching ratio, endurance, and stability in detail.
The synaptic function simulation of different structural device units has
been extensively studied, and various typical synapses functions are
realized such as short-term plasticity, long-term plasticity, paired pulse
facilitation, etc. That shows excellent characteristics of low energy
consumption in the simulation of synaptic plasticity. The use of STM and
LTM memory modes of the device can realize the functions of image
memory and preprocessing. Through memristor array combined with the
back-propagation network, high-precision handwriting recognition can be

realized. Finally, this article combines the recent research progress of



a-MoO3 to look forward to its opportunities and challenges in the field of

memory computing.
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