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1) RO TIRAEAERL 2 5 TR B, MR G AR E R E A g, i 430070)
2) (RS LA Be bkl S i TR, #5PH 421002)
(2021 4E 3 A 31 HYk#; 2021 4£ 5 A 31 HEMEHH)

F4: SnO, i+ A N EA L7 Y s A 2e A g v | s i T B B SR RE AT 454 T R AR RE M, R P AR A A A
HRRHAR I REM LY RATE R, Z 3 T ) 12 500, ARSCRAEFIFESI# 7RS4 2.51 nm, 2.96 nm 1 3.53 nm
) SnO, B F 4, AEB/NRSHEFNIER T SnO, i F 5 A8 45 1 B8 R~ 8 itk i i 7 RSP ; 3 F Hia
T RAFENE, SCILT X SnO, 5 7 41 AR A 45 1 OC L R A R00R 45 . DR R W, R~F 28 3.53 nm Y SnO, &
FREARMHYIFXCHEE (-2.02 V/3.08 V) 5SHRKHBHAZEF L (> 10Y), #HFELET 2 x 100 AT A%
M5, FHAE PR R AR L3N T 5%, B B R PE S R ERVE . 28 T G BHZERLN , SnO, 17 5 A I Bk 3
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T AR I B T S A S A 22, M
HRS #7423} LRS, 7 o] B R T S 4 22 &
AW %, PRk R LRS #%48 & HRS. M4h, fE2
Ml CuyuSh,S;; QDs RRAM [ FEIESE T B 41y
BHARPEBE, T HMEZ 104, HIF SR fidE v,
£ 106 s BRI R PEREIR A/ T 10%091. FLHAR AL
A PR I o P Xof T AR P AR S I Pt 2,
YR LA B 8 R SE TR UK AR AR I,
5238 SET 5 RESET i #2 (1% 4. 4fi CsPbBry
QDs [A]#: B A L 5 i BH A P g 14, SET/RESET
HLEZ9-2.4 V/1.55 V, FFC LA R IA 107, gt 5
AHL/TCHLE & B At g i PEREAH 1R 55 . HERE
A AL T LA o Br 25 {7 5 B 40 22K fi g, SR
CsPbBry QDs & & £ A48 5 R T, R B Py &6
BiES SRR FES, FEIF LB ES R
BUEL, TR E MBS EAR ) 2 T 32 PRl ik
M. Zhou & M F5E T 3 T2 THLEHE AginZnS
NPs RRAM, ##FEA 8/ TAERIE (-04V/
0.4 V), M AN 18, M UL AT UL, i+ A%
RRAM Y BHZEME BB LA 7R 6 VF B 5, TG LU A
PRARFAR E PEA /2, I FLk /D IR B AR PERE A W AT
FAR. BEAb, WFFEN BN 5 s b Rk B A8 B 42 11 i
BERAARA G — 3N, BN AR RS
W B, 7B IO s B AR A A8 A T
AW, TRELEAHEREIL 51 i s BHAE AR
IFSEEILRHASALEE, LAk a 45 A P RE.

WEEE B2 T AL i S B AR A2 it 25 B
TPEREM R T-BL, i AL/ XNE S
e 45 A 10, SR X 647 R e AN 2 el A8
TR R IR, B S A 2 i SR 4544, ] s BH
AL I T, S B AS A S e e P 5 AT
Pk i R 061 SR, BEAE N LR B, BHAR )
RE Rt 5 PR A (1] fY 5% 1A 24 22 0] 1 BHL AR 1 B 1 Ak
FLA G R R 181, 3 3 g o BEL AR A R 5 B
THT 1) 3 22 5 8, RS SR AR T G L 5 KRR 1Y
RAFETT, Tz T HUARR R B AS £ fitt . T
BT T RGT RN 1), S bR 9 B 45 48 T
DATE b RO RS s i, AT el s AU e i B, 7
PR S RS RIS, A B S R x)
BHAEPERE AYA RO, X & UM R T4k
BT 3

SnO, J&— ML 1) IV-VI % It 4 8 A4k
R, BT TERE K IR RS R, TR BUE .

Sefifl GRS A F I A S A T A
FH 0L BE4h, SnO, QDs B[54 1 () 45 A RE A 15
HAR AT HA T & s bR S P BEAE
R bk, EBHASTIREA R R ar e 022 S
Bt T RSFRUM 9 SnO, QDs, ¥ FLiri i &2
B BB SR SnO, QDs FHZS PR RE 194 R 4.
SR, HATM JEHET SnO, QDs RRAM AYAH K
B BeAh, T T RST RN 4% 5 T 5 RRAM
RHAS BB A 53 e 2 AR G A TR P ML, A R b i
27 HEl i & .

ASCR AR T 2R RST ) SnO, QDs,
B uE A RO, TR H RV ERR A AL & 1T
4 FHL SnO, QDs RRAM. 5% T SnO, QDs &
F RE RN X BH AR P RE A5 0. 3T InFln V2R
PRI SR I W B i S AL, IF DL 451
BERLHT T SnO, QDs A9 BH A AL il A1 R 942 B
AEPEREIAE L.

2.1 FFHEHE

K FIPGER % SnO, QDs, B 7EH 0.3507 g
gk UML) (SnCl-5H,0, 4l 99.9%), AR
A 20 mL R (OA, 4 80%—90%). 2.5 mL i
e (OLA, #lifE 80%—90%) M = #ipeii i, 75 Ar
AT UL 120 °C PRHRL 19 FE 2 h, 153 Sn-OA
HTORARIR. BEJS A 10 mL AT B (CH,,0, 4k
FE 99%) FFH AL R &= m IR N 22 T, £E 160 °C,
180 °C 5 200 °C /i 1 h, 53k RAARTEK. LA
10000 r/min, 5 min JIEEL, 5B EAR AR SnO,
QDs, ¥ HAHTEEREE (CgH o sS, 4l 99%) Hikt
REREHI.

P 1.2 cm x 2 ecm RSFHY ITO S H B FEE
AATIR SR M. #H 50 pL SnO, QDs % VA
2000 r/min FFEERTE TTO LI LAEMR 30 s MU, bifi
JGAE 120 °C FiB:k 10 min DL EBRAHLIAER. Au
- FARCR R IS £, AR TETRRCR 0.015 cm?.

2.2 MEXRAE

fdif] X BATEHY (XRD, X Pert Pro, PANal-
ytical, Holland) MRRAAZER), FHRER 10°—80°.
4T WO L 7 2 BE (HRTEM, JEM-2100F,
Japan) 53 & S 4 7 B 8% (FESEM, Zeiss
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Ultra Plus, German) F TR 1 5 2 w1
Fi. S AMAT WEIRIBOETE (UV-Vis, Shimadzu
UV-240PC, Japan) 5455MEHLFRERS (UPS, ESC-
ALAB 250Xi, America) MR- IS0 S5 REHS
S5 . fili ] Keithley 2450 J5 38 FRAF B A7 75 18
B AEPERE SRR E M, TR TEER K i A
FER-4 V, BERHEER 5V, BEBCEER-0.1 V,
JERK PR A EF 1 ms.

3 X5t
3.1 ZEHSERRIE

Bl 1(a)—&l 1(c) s R[] By i B2 T i 4%
SnO, QDs i TEM EIZ, #flEk SnO, QDs Rt4r
T EITE. WTLAE Y, SnO, QDs 5 B ERIR H.
A EOME R A Bl AR S (160 °C, 180 C
5200 C), BT RSB #G 0, SFERAE 450 R
2.51 nm, 2.96 nm# 3.53 nm, £/NF SnO, KIPIf
BT8R 2EAR (2dso,= 5.4 nm)P U B SnO,

]
Sn0, QDs, 160 C

Probability /number

5 nm~

B 1

A0y

o,

20,00,V PR PR 26 N P

QDs 15 LU B¢ 2 il % . | 1(d)— | 1(f) fros R
3.53 nm SnO, QDs H i (4 XY & 73 #F TEM &
1% . SAED fi7 5 K 1% DL I EDS 4343 #r. 7T LA
E i, SnO, QDs HA7 1 Wi 1) f 48 4 80, Ho i

] B 29 0.264 nm; R 4 i1 55 A X Rd=L1 5

L St R et
BE; d A SR EIEE; LA MARPLE 2L o, o h SRR
B (b k) AL SnO, QDsPUANE T SE Y
AT SR BT BT (110), (101), (200) 5 (211) f#
. HEAE, Sn A O BJET He g 21% 1 40.2%,
5 SnO, WRE I & I —3, Cu Tt KM
“h TEM It iy i o9 523

ffi A ultraviolet photoelectron spectroscopy
(UPS) Ml i T AR RS SnO, QDs HIRET
g, IR ILIE 2(a)—I&] 2(c) PR, A AR Y
PR BIE B 5 KT BRI BIE Weyoms
ultraviolet-visible spectrum (UV-vis) &% il i i
K 2(d) FE 2(e). HRYEAE S B K5 k7
BB AT LIRS 3] SnO, QDs $KEEH S

B

SnO, QDs, 180 C
N =366

o} d=2.96 nm
3

Probability/number

A0 09 099,00, 0y 0 V¢ D¢

Particle size/nm Size/nm

()

N SnO,

Element Weight/% Atomic/%
11.48 40.2
44.50 21.0
44.02 38.8

0 Ko,

o
Sn
Cu

(110)

Counts/arb. units

Energy/keV

AN TR 7 R T 145 89 SnO, QDs B9 TEM % (a) 160 °C; (b) 180 °C; (c) 200 °C. 1 El 43 I} 4 ¥ i SnO, QDs 143
i E . 3.53 nm SnO, QDs 1 (d) JH# HRTEM B4, (e) & IX o 7114t B4 5 (f) EDS

HETE BT

Fig. 1. TEM images of SnO, QDs prepared at (a) 160 °C, (b) 180 °C and (c) 200 °C. Inset gives the distribution histogram of SnO,
QDs size. (d) Magnified TEM image, () SAED pattern and (f) EDS spectrum of 3.53 nm SnO, QDs.
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. . Ecuorr= .
2 2 16.85 eV 2
< - < £ j
_4;’ 175 17.0 165 5 4 3 2 1 4? 175 17.0 165 5 4 3 2 1 J;f 175 170 165 5 4 3 2 1
:f_j Energy/eV Energy/eV g Energy/eV Energy/eV g Energy/eV Energy/eV
2 et g
R RS =

‘ m— Sn0; QDs, 2.51 nm e S102 QDs, 2.96 nm e 51102 QDs, 3.53 nm
[l 1 i T 1 1 T T 1 1
20 15 10 5 0 -5 0 15 10 5 0 -5 20 15 10 5 0 -5
Energy/eV Energy/eV Energy/eV
(d) —— 2.51 nm SnO;, QDs (€) — 2.51 nm SnO; QDs (f)

2 = 2.96 nm SnOy QDs = 2.96 nm SnOy QDs 3.29 ¢ o e\)j
g —— 3.53 nm SnO, QDs c\"-_\ —— 3.53 nm SnO, QDs > -

. g L -
8 g = oy
=) o z f oy —435eV 4450y
> % = _470eV ]
o N % Slnm 296 nm 353 nm  —5.10 eV
@ BN o SnO; QDs  SnO; QDs  SnO; QDs
2 3 g
2 3 A r»mz eV 8¢
Q2 =
<

300 400 500 600 700 2.0 2.5 3.5 4.0

Wavelength /nm

2 SnO, QDs i UPS [&li%
B (d) UV-vis ik, (e) Japzhar thdk & (f) A &5 Hn B K

(a) 2.51 nm; (b) 2.96 nm; (c) 3.53 nm. fHE N FKD . R F R #ERE. AR RS SnO, QDs

Fig. 2. UPS spectra of (a) 2.51 nm, (b) 2.96 nm and (c) 3.53 nm of SnO, QDs, and insets shows the Secondary electron cutoff and
Fermi edge intercepts. (d) UV-vis absorption spectra, (e) optical band gaps plots and (f) energy band structure of SnO, QDs with

different sizes.

P RE R ML E . BEAh, I UV-vis e i LIF H,
Fi# SnO, QDs RSP H 2.51 nm #4 K% 3.53 nm,
AR S AR B 2T B, DR R ) D' 2 A Ay
B BB Z 98/, AR ST SnO, QDs 2545 9
FEAr 510 3.95 eV, 3.82 eV, 3.67 eV. ATt
B F] 4 K SF SnO, QDs Y HAK RE 9% &5 44 1n
Bl 2(f) . ATLVE H, BE% SnO, QDs R [y
R, HOGAAERN 58 FE B Wi/, [RIB iy e g 5 2%
KRBT BB BT EAR, A RE B 1%, et
() AL R B R W i, R B R 7 R
RN

BifiJ , 38 Ao A7 B A TR R AN [ RSE ) SnO,
QDs R TE 1TO FH I I, #4857 SnO, QDs
W AR SnO, QDs RRAM. 5] 3(a) FIIE 3(b)
Jfi7s K ITO 5 SnO, QDs Wil 1M SEM EI4;
Kl 3(c) FEl 3(d) 45 th T SnO, QDs RRAM 4%
PEEEAE 7R 5 R 5 R i FESEM B, AT LAE
76 ITO FJiE?s SnO, QDs M, ITO 2 Hi#k 58
SR, BRI —, TCHEEEC S RARAEAE, 1
SnO, QDs MUEME R A7, BORiAZ5 G R %. Bok, B
#if FESEM EH& Wb 8 T SnO, QDs RRAM

9 =W Je JZ 454, SnO, QDs J2 5 Au HLH A
ITO Z[RIZE R4F, Jol AL -5 B A7

3.2 PHTMHREMR

K 4(a) 78 K SnO, QDs RRAM i BH 28
AEMNAZE IR, fEFEHRIUT R 0 V> -4 V> 0 V>
5V— 0V, #8718 {URIEAF LT H
FEARAS DL RT3y, vTLIEH, SnO, QDs RRAM
HBAS I LR BT (g XU U OCA TR, B AR =i BH
A (HRS, OFF 7).

B0V IF b5 it fim £ ] 45 4 R RS B (G R 1),
SnO, QDs RRAM [HHLfIH 106 A B AR, 24
LRI R B (E Vg, 1172 2) B, #3440 FL IR
MHIERE] 101 A Zety, Bk g e A8 SRR A&
(LRS, ON ), #—H K RS FHHE] 0 V, SnO,
QDs RRAM /588 4bF LRS(id 42 3, 172 4). )5
R RS B[] GEAR 5), AR A0 o i bl R
KTEHE . 51 1) f IS KB —1H (Vegser,
AR 6) I, Ui H 10 A A HGH AR 100 A
7Ze4i, SnO, QDs RRAM HE#Hi 1 LRS il HRS.
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100 nm

P
200 nm
—

E 3  (a) ITO 5 (b) Sn0, QDs WK & i SEM [E1%. (c) SnO, QDs RRAM [ #3F 45+ 7% B 18 K (d) #E#k i FESEM &%
Fig. 3. Surface SEM picture of (a) ITO and (b) SnO, QDs film. (c¢) Device structure schematic diagram of SnO, QDs RRAM and its

(d) cross-sectional FESEM image.

M Rk RS HE 0 VA, fR1TF
HRS (it #2 7, i #2 8). WAL, Tigavf4akF
HRS =k LRS, YJWr e 5 5 475 58 48 55 24 iy 1 s BECR
A, X %W Sn0, QDs RRAM H A7 Ik 5 2 M7l
AP

RH S 77 i % 76 HRS/LRS 2 [a] i 78 728 %of b T
SET/RESET i #2, 7EAFftid fe bl SE B E s
A JHERR UL E 4(b) FR AR SE SnO, QDs
RRAM *JJii) SET/RESET HJE, [8 4(c) frmhH:
PEIFRE PRI, 4 B 25 0 T 08 R K o i R L
. wLIEH, BEE SnO, QDs Rk, SET/RESET
LR TR AIG (F1-3.18 V/4.35 V IB/NE-2.02 V/
3.08 V), R R4 R -JF G f AR, 16
BT 3 SnOy QDs RUH A5 £k 5230 BH 4% 14 R 11
. AFESTH SnO, QDs RRAM 7E5 A /#ERR#
YEIG I R A FHAS 22 5%, LRS FHIEZY 40 Q,
HRS BHAEZ 5 x 10° Q, JF R UIEZ 104 1Loh, %
LT 2 x 100 IMEE LTS, RS
FHAS G INT 5%, 260 SnO, QDs RRAM
BA R MG AR 0E M 5 AR 3.53 nm SnO,
QDs RRAM [ JF K B FR AR 40 A Ge b an 1 4(d)
FEoR, W] WesER) SET/RESET HE/MiEd, E

BB —VE. AR YE SnO, QDs RRAM HYBH AR
FRPE, ] SnO, QDs RTE RS B Ak % i BHL
&, BHA A En N 1.

3.3 HERERILEITHR

HL i £ g AL ) e B0 it BE S AR it o 1 B
BNZE. B 5(a) F1E 5(b) i~ 3.53 nm SnO,
QDs RRAM [ InEFlnV il &, X} SET/RESET
TR A TEAEA S, A& BBy F AL 2,
SET i # il LAy S =ANaR 5% 1) 7E 67 1] o 4
WILRBTEE (slope 1, 0 < V < V), Inl -In V i £k 4}
K 1.06, KW T oc V, BT IR LR IE R L
2) MHL RAREEIE K (slope 2, Vi < V < Vggr), Mk
RERN 1.75, B A UG R W BUL AL T
F &4} (thermionic emission) HL#l, B Infec V1/2,
LG it Ze an 15 5(c) s 3) 78 WL R [l 49 B Bt
(slope 3,0 < V < -4 V), RERIUE N 1.03, 55
KR AL . RESET it B8R 43 o U A B B -
1) ZEIE [0 HL B AT GRS T (slope 1,0 < V <
VRESET)a %gﬁ:'f}}ﬂ\:": LRS, IHI*IDVEH%égﬂrZ%%
110, F55 WU A& AL ; 2) 4815 i LRS # e
9 HRS I IR 114 (slope 2, Vo, < V < 5 V) B,
M2 AN 2,13, R Toc V2, J& T BRI 23 (] 12
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Fig. 4. (a) IV curves of SnO, QDs RRAM with different sizes; (b) variation of SET/RESET voltage with SnO, QDs size; (c) cycle
stability tests of SnO, QDs RRAM and inset shows the impulse voltage curve; (d) SET/RESET voltage distribution of 3.53 nm
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Fig. 5. Conduction mechanism fitting curves of (a) SET process and (b) RESET process on 3.53 nm SnO, QDs RRAM. Local re-
gion of conduction mechanism (c) stage of Vi-Vggp in SET process; (d) stage of Vy- Vi, in RESET process.
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Abstract

As a non-volatile memory, zero-dimensional quantum dot resistive random access memory (RRAM) has
shown broad application prospects in the field of intelligent electronic devices due to its advantages of simple
structure, low switching voltage, fast response speed, high storage density, and low power consumption. Tin
dioxide quantum dots (SnO, QDs) are a good option for resistive functional materials with excellent physical
and chemical stabilities, high electron mobilities, and adjustable energy band structures. In this paper, the SnO,
QDs with sizes of 2.51 nm, 2.96 nm and 3.53 nm are prepared by the solvothermal method, and the quantum
size effect is observed in a small size range and the effective regulation of resistive switching voltage is achieved
based on its quantum size effect, which is the unique advantage of quantum dot material in comparison with
that of bulk material. Research result shows that as the size of SnO, QD increases, the SET/RESET voltage
gradually decreases from —3.18 V/4.35 V to -2.02 V/3.08 V. The 3.53 nm SnO, QDs have lower SET/RESET
voltage (-2.02 V/3.08 V) and larger resistive switching ratio (> 10%), and the resistive switching performance of
the device has changed less than 5% after having experienced durability tests 2 x 10* times, showing good
stability and retention. Besides, according to the fitting of charge transport mechanism, SnO, QD RRAM
exhibits Ohmic conduction under LRS, while Ohmic conduction, thermionic emission and space charge limit
current work together during HRS. The resistive switching effect of SnO, QDs is controlled by trap filled limit
current and interface Schottky Barrier modulation; the trapping/de-trapping behavior of internal defect
potential well of SnO, QDs on electrons dominates the HRS/LRS switching, while the effective control of
ITO/SnO, QDs and SnO, QDs/Au interface Schottky barrier is the key to accurately regulating the switching
voltage. The reason why SnO, QD RRAM exhibits good size-switching voltage dependence is that the larger
SnO, QD has lower Fermi level and interface Schottky barrier height, so the junction resistance voltage division
is reduced, and the SET/RESET voltage decrease accordingly. This work reveals the huge application potential
and commercial application value of SnO, QDs in the field of resistive switching memory, and provides a new
option for the development of RRAM.
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