CuO/Al20:/Zn0 % R R RERFFEIE ST K HKHEE
SIS
MED THED BASD £ EHKD KEEDY
D R B, M T AR R e, PE% 710065

PG R T TR, P52 710065

FEE: ZnO MIFFEEHE SR NI ZnO ot R MBI R IRt T AT e, A
SCR PR DB S E BB HE IS BTl 46 7 Cu/CuO/AlOs/ZnONTO £ 2 53t i 4 &%
PF, BT AlOs (8] F& 25T A COminy Imin. 3min) F454 Ar HELE K
Xof AR PR PR REHEAT O ERT T . S5 LRI, AlOs [HIRE 2 X6 8% i L I R 14 A B 5 1
FEVER, 1B K G ARG AT MR BE B BRURAT A, HLAS R AIRR 2 2% A T ATh R
PR HL 2 S . £E 365 nm SAMNEUR T, FRF B IVRFR O B SRR
PRI, IR B S OR R R T AR R B, L 3 min AlOs g3 4FEI
HH B AR IR AR AR AR S o ZENKIO GNP a3 n] SB A 1 S k5 H I
AL R HRCAZ K AZ AR | SRR R] BRI DA S R ik i i8R 45 R A Dy
5 4G IR O B A R R PE TR S 103 s S TSI [F DTk, 4 ZnO
G R ) S A BT 58 it T 2%

X@iE: TR MRS T B
PACS: 73.21.Ac, 61.46.-w, 81.40.Rs

EHE: BiE HRRIFES G5 : 2024JC-YBMS-060), AT 4 HUMRMIF QI3 At 1157 15
TiH (U40) (HEHES: SRICSPYF-BS2025031), JHI 4 REMIAEHA 53 4 H E BT A1HT ]
BACHEHE S : 2022QNKY CXTDO2) Al P4 22 A7 il K~k 78 A8 B 4k <00l H (kv 5 YCX2513178)
H IR

t @BIM{EE. E-mail: jjding@xsyu.edu.cn



15l%

AR, (TMETRATHEROA R T — RIS, & R Sl @ IR T
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IR, R AU £ 22 5 R TR Z R HI AR i SRAS B
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FEBOS AR, A RAWH R IR s S U AT AT B R 0 i e, 2P
B T A R ARSI RIVERE TR AR, QAR AT IR R AR R/ I 5K ]
ICAZAR EE A AR AT Y S X Bk . AR SO SRR A T
Cu/CuO/Al20s/ZnONTO LA GHIR Al E 1, K Al20s [8]f%JZ 5| A CuO/ZnO 5 )i
ghgiryh, H TR SRR AR 5 S T ATy . AlOs — 7 THI W Il 55
CuO Y5 ZnO M) BB R A, 55— 77 180 PJ S0 S T 4000 DX I e s
SRR T BT SRR TBGE R, AT R 45 8 F SRR B S SR S S AT Ay o 3L
W, EGE—IR&E T REEHE T 0 ming 1 min A1 3 min = ALOs [][# 2 444
ST REASHNE  FFEE B T B 2 DL RS A MR SR Al B O ki kL
HATCZ A T AZ RS 26 At T 9 e 25 G SR AR AR (KD RS I o P IR, 5 B M RLRAE
RS AT BE AT 08T, AL T AlOs ][ 2 & BERE I 7 80 B 3 IR FF 5 R A m] 22
PEZ AR RIBRR R, IR 3k T 3 T 45 58 A1 s R b s AR S i A S5 1k R
AR 7 SRR .
2 ERIH

KWk i (Ab s RN, JCP500 ) RIS RK LB RV T
Cu/CuO/Al203/ZnO/NTO. K 1 flizkA CulCuO/AI203/ZnO/ITO. 8 {41 il % Ji A A1
iR ElE, KSR S BRI R T ERR S B4, B 2ok TR Cu
FURR S T 1 TO F A ZE (U B s 1 5 RS PO o 7 ¥ B T VDB 1.5 cm>@.5
cm MR, MIRGTRE . ToK ZEER 2588 F/K B A S % 10 min FEF1R5, ff
F Ar 25 FARAEE CRFE 20 scem, ThaR 35 W, HF[a] 10 min) #F—F %k
KB B IS T ETE 510 Pa B s EARR LA Nk T, S8i4h 2%
JGIIAN 1 emxl cm, FTHIEEAM ALY 0 99.99%, T2/ A4 =>99.999%, A
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i/ Keithley 2450 Jf&AE RS 261 M XS asfEbAT A MERE P # (ITO $21E
W, Cu HLRREE MR KA 365 nm 14841 LED fE AR, @it Ik3)
R /N CHIR AR5 LPS-305) RECEIEIGRE; FIH LS123 HAMLT*
TR EDCTh A, HId STM32 A HLE% il 48 e85 (1 T SQ INHORR B2 2K
4 LED BUIESTHIRES, ABERAEDERI T, S50 LED S#GIHE i 2238 E — 4

BT B M e T3 L R CARE R Ah, il utid R i i D 360

uW/cm?,
® 1 WS T ZESH
Table 1 Magnetron sputtering process parameters
T A A Wl U Wb The WS [R) VS i 2
(sccm) (Pa) (W) (min) (°C)
Cu Ar=30 0.17 20 5 25
Cuo Ar:0,=30:20 0.57 25 20 80
Al>O3 Ar:0,=25:15 0.43 30 0. 1. 3 80
ZnO Ar:0,=35:5 0.63 40 50 80
ITO Ar=30 0.17 30 10 25
Glass I Cu I

K 1 CuO/ALLO3/ZNnO it 5 45 AT i s i A 5 5 B
Fig.1. Preparation process and structural schematic diagram of CuO/AIl>03/Zn0O heterojunction

devices
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ZnO IR 43 A B A 5] BICAL, oRiAS U 7N T7 SR Sife, X R
4% ZnO AZ M. CuO WML RIRLIRES, (HSEA71E— & MR
#, R HAKE) %5 Zn0 JRAFEZER . ML T, AlOs i I 5 hn-F
R, WA U BRI FURHE , 776 SR A R LR I AR . B 2(d)
A CUO/ALLO3/ZnO 5 453841 SEM WIS, 284 H N M - B 4L e B 1
JEIRHEBL5H, {E CuO 5 ZnO MR Z [BA BRI 7, Hr ZnO Z 2 I H A
R R A AR, JE 2275 200 nm, 5 B2 1TO B T JE CuO Z IS H i .

BT AlOs [R5 22 )5 45 HL 5 AR AR 2%t PL B Rz, 76 SEM T I T 450 mh i LA
VBT, AELARLTE FP A LA S LR s R B SR 0 B T % 10 S O 5 R A 1 4
VIRESE 5 R EE & T TR IR LT . 0 AlOs [AF8 2 R TS SHIRE S,

FEPIE LR F BT 1 min A1 3 min AlOs #E 34T AFM T, tn& 2(e-f)
Fizs. 1 min #£54# RA 1 RMS 43514 2.478 nm 1 3.218 nm, 3 min F£ 840514
2.832nm A1 3.563 nm, & WM I 1AV AE < J5 3 ARG A 1 . AR BT L 22

{5, 1 min A1 3 min Al2O3 [8] & 2 £ 305 43 5 2008 3.77 nm A1 11.31 nm.

Kl 2 SEM JES: (a) ZnO KR 1M, (b) CuO LI, (c) Al.Os i, F(d) #sfHis

[l AlLOs #EEH) AFM JESR: () 1 min, #1 (f) 3 min

Fig.2. SEM images: (a) ZnO films, (b) CuO films, (c) Al,Os films, and (d) cross section of

CuO/Al;03/Zn0O heterojunction devices. AFM images of Al,Os film: (e) 1 min, and (f) 3 min.
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&l 3(a)izn, CuO/ALOs/ZnO 5 fii 4 e Rk i ) EDS TR ESIER
B, Zn oz E 2P TR B, XM ZnO ThReE; Cu iR EES M T 1
A3, xR CuO =5 O Jom AR EA Y XS N A 04 . BT AlzOs
) % 2 JEE P i B AL TG 3R S BARRT U, HarAifS SERm 7 i B, |
LENF I XS AT RIS Al TR IIAFAE . BAORE, Hou R 7 7] R
JTE T R A, 7E EDS 78 8] 43 H e Py AR LS B B K (0 K RURE B HORFAE
B S A A T 1 R e B I 5 ST W] 2 e o 1 3(b) 4t AR L IX 4 EDS g
R, WL Zny Cu. ALFD O BIFFAENE, F—P5nE 1 8 A T &= A7
TE AR S BV . ] 3(c) N ZnO HEIRAR K HT S ) XRD 1% o ARIR KAE A2 Ik
YOl N FER PN WIS 5, IR K S FEMAEZ) 34.4° Btz th IS5 1) ZnO(002) %%
MEATS G, RITHSCEJE ZnO I R 45 fEk o SR tRI M A frscst . 248
R, AT I SR LA T, RIS 20° 2 30° Y P 3Bk E 3
LR IR S U B R 1) SR TS 5. R IR KOS AR I R AR 25 A AT AR AT PR
3(d)> ZnO L EE KA J5 RSO RE . BALRE ShI47E 380 nm PRHT H 30 B S 1)
T AW ISCRAE, 1508 ZnO WESLLRER 1 S A 8 b me RS o B SR S A B
IR B P B DG IR AT i R AR A i i, T RS A B R L B R A%, 1 B IR K
RO H GRS ) B — 8 AR



(b) Zn:38.24 at%
Cu:16.4 at.%
Al:3.34 at.%
0:42.02 at.%
o
Zn
C
Y Al 1
M Cu Zn
4 oS |
0 2 4 6 8 10
1
Energy (keV)
0.8
(d) Zn0
0.7F Unannealed
—— Annealed
! 0.6
! >
I~
3 ; 0.5}
[/ »
‘> 0 E 04
: § = Annealed -E 03k
1= 990 P
o 002) 2
! <02f
660
: ' 0.1
| AT
13301
i 0.0 !
I 0 1 1 1L L 1 1 1 L A i I A A A 1 |
! 20 25 30 35 10 45 50 55 60 65 400 500 600 700 800 900 1000 1100 !

20 (degree)

] 3 (a) CuO/AIO3/Zn0 5 J5i 45 s A- i # T EDS JE5H, (b) B2 X Ik /) EDS Rgiif, ZnO R
KHTJE R (c) XRD #EF1 (d) Wit

Fig.3. (a) EDS images of CuO/Al,03/Zn0 heterojunction cross section, (b) the corresponding of
EDS energy spectra, (c) XRD patterns and absorption spectra of ZnO films before and after annealing
1B KHT J5 B =H CuO/AI203/Zn0O 53t )5t 45 (AlOs Wi I K73 1) 9 01,3 min)
PAEEREA T 1-V RRE CERVEASKR 55 Bl br) W 4 fios. ARIE K (&
4), T Al2Os J I8 AHEAR I JE DX FLIAL 5 T L Al2Os [0 BR 2 1 28 4R, 350 B ) B
EX IR NS S A 2 G IHER . R, 1 min AlLOs 254 I 544
B, FRAR I FE A R IR R P, e I R ) B 0 5N R T i TR
2 ORI A0, M2 R, 3 min Al2Os S8 14F7E 97 i 1 X F) B SR 24 o (ELAR T8
AlLOs #44F, FHH LT 1 min B34 o 178 1 i i DX FLA B A T s B R T R,
A = R T TG AlOs #84F, BiH13 AlOs A& Zi#t — DI R 5, #1FEA
WIEAT AT I (A B REL ), T2 O H B A 2R (K AR X AR AR AR A . 3@

b X AR 1-V R (B 4 b) k253 1 min AlOs [R5 )2 1 28 1FB AT SEAR



FIHLILAE, 110 3 min Al2Os a3 A1 7230 2 ffi I B A ) e/ B IRAE BTG T AlOs
aeft, AEET 1 min #84%, RU] AlOs [H] K 2 J5 B I 2 F L ) 4% BAT 3R 51
Ph. XATHER T a2 B LR AlOs J2 5 F) 40 Bl BRI o %5 22
il T A IR 2 A B — 2 e S R 4 A R T AR R AR T [, RS
{EIE U T 2R FRREE e 2 5. B KSR -V ihZ38 8t
[f) (B 40>, RPHBESYIE FRALWIAT R, X UL SR IE kTS . %
IR S i, RO A TR 50 LA BRI A o R4 A 1 BT A
BEAIS T FRTHI AR 34050 34 22 T A B8 A fida BB B3l BRARHAT 9120220, 25401k XRD 5
OB RS EE Rl ki, SRS ZnO R RIS A 7RISR I RE 5 BT
Tty XA BRGS0 oy AR S5 M B TS AR, A SRR S
L5 R B ) G SR TR . BRI L, AlOs [H] B 2 JE 5 IR K Ab B
e B A N Ca= 0 e e

K5 %5t T CuO/AlOs/ZNnO FRAHHAE S AN T B FELIRL S N [A) At i 2, Py
a3 BRI T R B H AT o AR MR D R BE N A A BT, R E
JEHE S IR AR LI B B YT a1 IS R K Bl . (Bl 5a)
AR KA et A A ] 01 HE 2% A1 TS R L L B S PR e 12 L Y R M 7 P SR J HL IR, T
HHIE KR8 RO SRS 1 (¥ e i B B8 DA S B 22 IR I 28 (F& B b)) XL T
[F] e S B K AL2O3 1) B J23 10 25 AR ZE AR 5] 6 R AR AR R WAL RE LA, 3 min ALOs #5314
U 5 5 A% PRI B e L2008, 1T L min 5 0 TR 2 B S A R I, IX
TR AlOs [A] K& J2 1 231 58 5 T 1 5t 1D R mr AR 2R R o A A I [) R 70 B o ik
20, (El5c) MR RKY, HERIDEIHRERE NI, bR RS %
B VRSl 5 PR RO, LA S 1 28 1 BB ) SRR R AR B, R Y
DA T S B A B TR R, A SRS SR TS, AT N 1
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Kl 4 CuO/ALO3/ZNO R FHIBEZS 1-V FE (ZRMEAAAR 52X Hk bR ): (3, b) RIB K, (c, d) Ar

U T 180°CiE K 2 h

Fig.4. Dark I-V characteristics of CuO/Al,03/Zn0 devices (linear and semi logarithmic coordinates):

(a, b) unannealed, (c, d) annealed at 180 °C for 2 h in Ar atmosphere

400 00 H
(a) @Without ALO, (b) @ 580 pW/em’ (© @3 min ALO, |}
360pW/em? 500 - T Without ALO, | 599 55 pWiem|!
—— (min ALO 2|
Annealed :ﬂ-\wll p :': Allol 2400 360 l.lwh:m2 :
—— A mi ;
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N 5] 1
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= 200 = 200 H
] ] :
100 100 1
0 0 '
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5 CUO/ALLOS/ZNO 5 PRIERAMES T iy I-T ARt Hh £k

Fig.5. I-T curve of CuO/Al>Os/Zn0 devices under UV irradiation

TG B (R 2R S fbee ) A28, B 6 X =FEB K i CuO/AL03/Zn0 2§



4 (0 min. 1 min. 3 min Al203) F &V S il J5 FRL IR N AR PEEAT T EE . 3
1, 18] 6(a-c) 7ELREFIKIN T8 B2 1s BT, i iUl 58 A Th A % BE SR 70
SHOT A A B PR S Al 5 FELIA ) 2 5 1] 6(d-F)PE DB D F % A 360 pWiem? 25441
KHH 5 s G5 s JRIE R B IRk o, 3 3 SRR kb o BOR 23 B HLAL K R ARAT 9
6(0-i)7E 6 T2 % FE IR 9 360 pWiem? Z& A1, e c5ea B AN s kb R B (1L
2. 5. 10. 205D, WFFTIGIR RS [A]X g Ay v SR i Jm s B IRAZ A P - ] 6(a-
)R T AN AR AN Th A R = RS 1 AR = A2 B ¥ 0 M S Ak IR,
W kb & PR AR A IR IR D BRI s A A, RTO NONRR A RAA “ )7 AT
Ao FIEEIRE, SCHRIEASLRI R BIRIAARERS, MRS R, SN2 5 il
[f) “ICAZOREE”. B 6(d-f) A NTER [F) 6T 3 2 FERAR IR Bk, Bl Mk 8L
n 3G, &R HIR DA PE R Al 5 B A G 0 o IR ARG R, 1 WA <0 ki
)7 7E A 56 A T TR ) LA B o RS, S SR Ikh R A0S N2, AT sk
P21 - B S 5 R 2 S AR . B 6(g-1)45 HE T AEAH [R) D R R AN [R) R
AR SE R, BTN [A) A, ' F i UG 5 M 1 SRl L A 208K, AR
i ST A BEACAZ I ] 4 o A I DR o T8 b A AR = SRAS IR R 4
CHREEE « CECRIEREK ) T s FELI I 7 f AT A a4 — 8, (HL 3 min Al2Os #5435
s ¢ T L B v ) M A PR RS R S BRI ARG, T 0 min 55 1 min B TRAR
TRANT /N . PR R . 1K L4 R W] Al03 2% CuO/ZnO FHHI kiR T 5 &1
W 5 HAHEIRIER, e NEIRZE T RN BT 5N EEE S, MM
GBI T I AR SRR T L R
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K 6 CuO/AI04/Zn0 83 F ISR R 2] FIEIZAT M. (a-c) ARIEINEIIFRE LR 1s Bkt
75 T I Br M S5 HUIAL, (d-F) 360 pW/em?, 5 s Y6 IE/S s BIBEIEERKAT T, Mt Sl i
T RE Bk R R B AL, (g-1) 360 pW/em? T, AS[FEER KB (10 2, 5. 10, 20s) T
DN e 11 R fj i LI T [

Fig.6. Synaptic like learning and memory behavior of CuO/Al,O3/Zn0O devices: (a-c) Excitatory
postsynaptic current induced by 1 s single pulse at different UV power densities, (d-f) Evolution of
excitatory postsynaptic current with pulse number under cyclic UV pulses of 5 s light/5 s dark at 360
uW/ecm?, (g-i) Excitatory postsynaptic current responses induced by different single-pulse irradiation

durations (1, 2, 5, 10, and 20 s) at 360 pW/cm?
Kl 7(a-c)4 T =Fh CuO/AILOs/ZnO ZRFFTEM [FDEIIHR % (360 uW/em?)
FUAHRD 1 APkt 96 FE 26 T 48 10 ANEEME S AN K UK 5 1 B R i . o

Al SN (B 10s. 4s. 25, 1.25s. 1s) SR ko & 1A
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Fig.7. I-T curves of CuO/Al,0s/Zn0O devices under different pulse period conditions (the optical
power density in all tests is 360 ©W/cm?, the single pulse width is 1 s, and the number of pulses is

10): (a) 0 min Al2O3, (b) 1 min Al>Oz and (c) 3 min Al,O3
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Fig.9. Paired pulse promotion characteristics of CuO/AlOs/Zn0 devices: (a) Excitatory postsynaptic
current response of Al,O3 devices under two UV pulse stimuli for 3 min, with A; and A2 being the
first and second pulse peaks, respectively, (b) The paired pulse promotion of three devices varies
with the pulse interval A t (spherical point) and double exponential fitting curve (solid line)
% 2 =l CuO/AI05/Zn0 it PPF-At ML HIXUFE RN G S H (Civ Cov v 1)
Table 2 Double exponential fitting parameters for PPF - A t curves of three CuO/Al,O3/Zn0O

devices (C1. C2v 1+ 12)

CuO/Al,03/Zn0O & Ci Cz 7, () 7, (S)
0 min Al,O3 0.271 0.186 1.95 2.62%10°
1 min Al,O3 0.213 0.192 2.51 3.20%10°
3 min Al,O3 0.243 0.252 3.78 1.88x10°
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Sustained Photoconductivity Enhancement and Synapse-
Like Properties of CuO/Al203/ZnO Multilayer

Heterojunctions”

YANG Liang! DING Jijun'" QU Yongfeng! DANG Bo? REN Boquan* CHEN Haixia®
1Shaanxi Key Laboratory of Measurement and Control Technology for Oil and Gas Wells, School of
Science, Xi’an Shiyou University, Xi’an, Shaanxi 710065, China

2School of Electronic Engineer, Xi’an Shiyou University, Xi’an, Shaanxi 710065, China

The sustained photoconductivity of ZnO offers the potential for developing ZnO-
based optoelectronic synaptic devices. However, the decay dynamics of sustained
photoconductivity and the retention characteristics of the synaptic response are
significantly influenced by interface recombination, defect state occupancy, and carrier
transport at the heterojunction interfaces. Consequently, designing the interface
structure is an effective strategy to regulate the optoelectronic synaptic performance of
Zn0-based heterojunction devices. In this paper, Cu/CuO/Al203/ZnO/ITO multilayer
heterojunction device is fabricated on glass substrates using magnetron sputtering. The
device performance is modulated by varying the sputtering time of the Al20Os interlayer
(0 min, 1 min, and 3 min) and by introducing post-annealing treatment in an Ar
atmosphere. The structure and electrical properties are characterized using SEM, EDS,
XRD, absorption spectroscopy, current-voltage measurements, and time-dependent
photoresponse. The results indicate that the device exhibits a distinct multilayer
structure, and the Al2Os interlayer produces pronounced modulation of the dark-current
characteristics. After annealing, the dark-state transport behavior of the devices
becomes more closely approximated by Ohmic conduction, while distinguishable
electrical differences are retained among devices with different interlayer conditions.
Under 365 nm ultraviolet light irradiation, all devices display typical persistent
photoconductivity with a retention-and-decay response after the removal of UV
excitation. Both the photocurrent amplitude and residual-current retention increase with

increasing light power density. Compared to the device without an Al2Os interlayer, the
22



device with a 3 minute Al2Os interlayer sputtering time demonstrates stronger residual-
current retention and slower photocurrent decay.

Under pulsed light stimulation, all three devices can achieve adjustable excitatory
postsynaptic currents, transition from short-term memory to long-term memory,
frequency-dependent plasticity, and paired-pulse facilitation. Double-exponential
process fitting reveals that a rapid relaxation process on the second scale and a slow
relaxation process on the order of 10% s jointly contribute to the photoresponse decay.
These results suggest that the Al20s interlayer plays an important role in coordinating
interfacial carrier transport, persistent-photoconductivity retention, and synaptic
relaxation dynamics. This work provides useful guidance for the interface-structure

design and dynamic regulation of ZnO-based optoelectronic synaptic devices.

Keywords: Multilayer heterojunction; Magnetron sputtering; Photoconductivity; Dark current
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