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CONSTRUCTION OF PEROVSKITE COMPOSITE
NANOSTRUCTURES AND RESEARCH ON
CORRELATIVE PHOTOELECTRIC PROPERTIES

ABSTARCT

The photoelectric detection performance of perovskite materials is
excellent in ultraviolet, visible and near-infrared bands, and its
photoelectric conversion efficiency and sensitivity are higher than those
of traditional semiconductor materials. Therefore, the appearance of
perovskite materials has brought a new idea to the research of
photoelectric materials. In recent years, all inorganic perovskite materials
have become a research direction in the field of photoelectric detection
due to their excellent photoelectric properties and stable environmental
adaptability. The photoelectric detection performance of all-inorganic
perovskite materials is mainly due to its unique crystal structure and wide
bandgap control, which enables it to operate in multiple spectral regions
such as ultraviolet, visible and near-infrared to meet different band
photoelectric detection requirements. In addition, the carrier mobility of
all-inorganic perovskites is much higher than that of many conventional
semiconductor materials. This can effectively reduce the electron
recombination loss and improve the response speed and sensitivity of the

device. These advantages make all-inorganic perovskite materials have a
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wide application prospect in the fields of photodetectors, image sensors
and laser detectors with high sensitivity and fast response.In these devices,
perovskite materials not only provide excellent photoelectric conversion
efficiency, but also further optimise device performance by adjusting the
synthesis conditions of perovskite crystals, such as particle size, crystal
defects and interface engineering. Further optimize device performance.
In this paper, all inorganic metal perovskites were synthesized by sol-gel
method and applied to the field of photoelectric detection.

(1) Cs3Bialo/Au heterogeneous nanocomposites were prepared by a
simple self-assembly process through electrostatic interaction with Au
nanoparticles (NPs) and lead-free nanoplates with  high
photoluminescence quantum yield. The Cs3;Bizlo/Au nanocomposite
photodetector (PD) has a broadband optical response (405-1550 nm),
improved rise/fall time (27.2/40.0 us) and reduced noise density
(4.7<10"3A/Hz'?). In contrast to the positive photoconductivity (PPC)
effect observed in colloidally synthesised Cs3:Bi.lo nanoplate PDs, the
NPC can be attributed to the reduction of photocurrent under light
irradiation during photogenic carrier recombination and trapping induced
by the incorporation of Au NPs. These findings are expected to provide
valuable insights into achieving high performance NPC-controlled PD by
modulating the dynamics of photogenerated carriers in perovskite

heterostructures.
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(2) We prepared CsCuxBr3; nanoparticles and Ag>Se nanoparticles
by sol-gel method under low temperature and green environment. Based
on the electrostatic interaction between CsCuxBr; nanoparticles and
Ag>Se nanoparticles, CsCu2Bri/Ag>Se heterogeneous nanocomposites
were prepared by simple self-assembly for near-infrared detection and
performance enhancement.Performance testing of the composite structure
photodetector shows that it has a self-powered UV — NIR broadband
response and an ultrafast rise/fall time (37.1/28.4 ps). Compared with
perovskite detectors alone, the optical response is significantly improved
in the near-infrared region, and the optical performance is repeatable and
stable. It offers more possibilities for the development of near-infrared
photodetectors.

Key words: All inorganic metal perovskite, Sol-gel method, Positive and

negative photoconductance, Self-powered, Near infrared detector
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Fig. 1-1. Typical structures of 3D, 2D, corrugated 2D, 1D, and 0D perovskites .[12
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Fig. 1-2. Hot-injection synthesis method.?!]
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Fig. 1-3. Schematic of LaMer and Dinegar’s model of monodisperse colloid synthesis, described
by the concentration of precursors over time and the regimes of nucleation, growth, and
ripening(?42¢]
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K 1-4 LT s = K

FEPE R ARG T AR, B SRR & S IV T R BH B T A TS
— Pl R A TR 7R A VA O AT A AR A o BRI 38 FH R P 2 LEDR 14,
Cushy?5§ NIARy, 7M1 LU S RN P W E A, iR IRE A
pH BRI EE, LIk B (M B SR (RIS KRR 20 A ) o LTI IR R B —
PR FH R ) 25 B RAF S S VRIS R o X A2 R T ARG % I BT 4 (R
], RIREAZ &8 S TS T 0 F 1282, [T O R HLe
A, IS B KGR IR K il % LaosSro2Coo.sFeosOs (R FK LSCF), thidfEr R
FEEA R 7 S TVE B . 7E) 7200 pH {EYEIEPY, SRR I AR 1A A
Rtk X — s 2 T AEUL B SRR E A, AR EE BRI T T R A B AN
BRI RIS 2 R . 5T A LSCF LU % I BRI NdFeOs 99K dh 25 44K
FEARHIT & BRG] 770 KT, IXFR 7520k 2 BRI, 3 AT DUH R T 18



8 W YN R R DAY

Bl D YR BT 75 RS 442 30341
1.2.3 BT K&K

THEASEREF R 2D Perovskite Materials )42 HE 5 ERE 5 (1 — R . £E
YEESERT MR, BSERT S5 BT ( ABXs B H HESI B 2 S 2 IZ S5, T
— ZH LR E PRI . BSERT 1 ABX B SR E— N S, B
UESOREEH . IXP ARG S, 385 2L AR BAT RIF RG22 A0 2P )
[F]B7E ARG ERET b, S5 5 5 A 45 T R S I 8 (e A A ) B TR R
DRI, 4B ER AORMIATE R A BRI = B RS RIS, XA EA I — LN,
F AR R B AR S B AT Y AN R I o PR R AR I R ST PR, RS ERE AR
W] DLR I H B3 2T IREIN . BT RS s s 2B, MR A B s
WK, W ENE A R A EEE . T RIRG M IR R,
YR M RREE A R Rt R RE, B R ORI BRI BUR
AT IR FIE 2 . XA EATFERPHRE It O6 A L Ol s AR 28 45
IS AR B AR KA 1. WDERSARUIRR(PVD )y b2 SARUTR( CVD )45 450
B T R IR TR R

_& T
(MAPbI3 thin film )

i Deposition ﬁ Transition

Sensor

SZU SZU

MAPbI3 Gas phase

Sublirnation1 [ Evaporation

2 Solid phase
Pumping Source (MAPbI3 powder)

Fig. 1-5. Single-source physical vapour-deposition process of the perovskite MAPbI3 thin filmB38!
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Fig. 1-6. Chemical vapour deposition process for perovskite solar cell 1]
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Fig. 1-7. Efficiency chart of different solar cell technologies
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oz ARl . &R s LS SR (MHPs) BB A . Jesik R |, W
W RBOK . RT3 BO KA R TR R AR AL, BRI SO G
A ATEFEECE SRR 2 —047198] ik Ah, R SR TR A2 B TN
&R kSR IR A E R TS A B T450, AR Tk NPC U9, HEf,
Cs:Bialo & —FhGHT MHP, HAGMCENE. 7 e YRR = (R ot B2
BRTFHRABERLLH NPC £ 58 PDsIO, Jhah, S99k Tl N2 7R
G K6 T R A IE ) 5 A SR AN RE, 3R KA 4 9 KR - e 08 1) QAT 1) 2 AR R
EANRE T, I HARMSEE TR (SPR) RAMKIEHT, ©99Kk 1 #E
8 MR USR] 06 AN AT 21 A DX 3 i) D S) . R B TG AR DG BUROGEF R B H
NPC 15 7 it f&, {HAETHT Cs:Bialo 0K AT IMASEE T8 AuNPs DASZHL
ke NPC T FADGBUOGAMT BRI FEILP BATI AL TR R [ Bel116:118.1381,

TEML, @ EPRRL T CsaBialo N KA [H] A& A LA P fé 7 5 4
i, Wit TAESKIEFR CsBildAu FREMAKE SR . S5EEH
Cs:Bialg 40Ktk PD AHEL, FENIATHE L) AuNPs J&, J6FRMAMN PPC AZ K
T NPC. H1 CssBialo/Au R B4 0K S EF R AR LL NPC AEFH PD
B 405 nm F 1550 nm [ T8 7 06 AR, PRAg i WL [E] A 27.2/40.0 ps.
N T#E—DHEY] Cs:Bialo/Au PUKE GBI NPC BRI, %M T RE
W (UPS). BESTMOEHE (TA) FIJF/RSCIREHR T/ B8 (KPFM) % H i1
RETT SR A AE BOR 730 /18T T 0EFE . IRPESERRSS R, B35 NPC WA
TR T W EAA RIS, WIS NPs 5 5] NRIEISMER A AL S0 ST
AR TR . XEAIRRY, BT MHP KR RES R IR R S 1 RE
NPC £ 5% PD HIEAEF&.
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R 2-1 LHIKE
AN B Wk e
BT R BSA124S FZ AR AR A PR A 7

£ 3R B oL H2-16K TR AT AR A PR
HA TR DZF-6050 b EREAA A IR A A

H 2l X E 4l 250 2 $793-1 B SR A A S

PR e KQ3200E B LTI B P A AR A PR A )

FEL AL I S R T R A DHG-9036A IR A S W AT BR A
ST KW-4A Hh [ B e sk R 5 BT T T
(ERcy &t SDG2122X PRI SRR B A A7 IR 7

BRI E2ES S-2450 AL RN ERHE A R A A
LR G A 405-1550 nm KEH OB ARG R AT
JeThE CEL-FZ-A AR P B EREA R A E
A ER 85-1 L E R A E R A

FRRER WRNK-301 b= e f AR
HzhTHR 3 E AI-716/716P JZ 115 B H AR A PR A 7

X SR 2 AR AT AL SmartLab SE H A Rigaku 2 ]

5 ) RS A B Talos F200X % [E FEBR AR B A F

Yy R B T JM-2100F H A JEOL Al

X O T REERAX K-Alpha % [ Thermo Scientific 24 &)
A6 T RE ESCALAB XI+ & Thermo Fisher Scientific /A 7]

IR 3L Zeta HUAZAX Malvern e[E Malvern 2 7]

R 15 55 B AR TR A 7800(MS) S [H Agilent 7 R A

AP BRSO G AL Helios Ultrafast 2\ &

FEOR SCIRET 770 AU Dimension Icon 1% Bruker A R 7
Aok 7598 EEHOCHARABRA A
RGO T FluoroMax-4 FIEEEEARA R A A

FETR AL KW-4AH-400 LSRR B A PR A
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2.2 SZHr RSy
2.2.1 SR 2 5 SRR R
S 24 i

BEFRE(CsOAC, 99.9%). FL/KAHEREA(BI (NOs)s- SH20, 99.0%). JHER(OA,
AR)\ = HHEREMULY)(TMSI, 97%)+ 1--1 J\H#(ODE, 90.0%) 17 i%(OLA , 80-90%)
W E BT T . DU =/K&YI(HAuClL- 3H0, 99%)4[H Adamas.
K. IECHMOEE E Greagent. FTAMEIR G H— D aifl B B B HEAEH .
2.2.2 Cs3Bialo G9KAR IR AR & Bk

B, 7 100 mL FE =8 K CsOAc (0.15 mmol)A Bi(NOs);- 5H.0
(0.1 mmol)5 ODE(5 mL). OLA(1 mL)fl OA(1 mL)VE& . TEG 5 HI AL S14i
FERUSRAE R, KRR AT IR RN EIRINAE 110 °C fRFFHR 30 0k, B
JEIEN 1 mL TMSI G AR NS4, B8R 60 708h. WHIR =R, HIE
CE B AR I ESERAT T =0k, S5 B0 o B W ok & o G s AR
Kl 2-1 .

TMSI
Thermal I ar y
couple 7

/// ' Cs;Bi,l,
W
ODE/OLA/OA
i
] 3CsO

Fig. 2-1. Schematic diagram of perovskite synthesis
Kl 2-1. 55T & R = K

2.2.3 SEYRKLTRIBR AR A R

f£ ODE (5 mL)f1 OLA (5 mL)FIVREHEHRFHMA 1 mL FiEsEN 1% W)
HAuCls 3H0 . IREVITEEIR THFE 20 208, SRJEIMAE 120 °CIRER X
30 08P, BHIREIR)E, SOWE AuNPs, R BV =R, 5, & 5
mg 3R1F 0 AuNPs 70BUE 1 mL 28, % 5 mg/mL 1) Au KRR
W, DMt —DAE A . A Rad R anEl 2-2 k.
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G TRE R Z - 2 A 18 S
H Ar

o= Au

MO ®

ODE/OLA
‘HAuChj

Fig. 2-2. Schematic diagram of gold particle synthesis
B 2-2. <GB RO SR
2.2.4 Cs;Birlo/Au 4K E &+ kIR

Thermal
couple

v

54800 5.0kV 8.2mm x60.0k SE{M) 500nm S4800 5.0kV 8.1mm x70.0k SE(M)

Fig. 2-3. SEM image of Cs3Bi2ls/Au nanocomposites
K 2-3.Cs3Bialo/Au 49K Z & KL SEM B

B S <, ¥ 80 mg CssBialo YK /THIE 10 mL (IH KA. BE)E, K&
I CssBialo 4KRMUARH . IRAERIER R TR 5 280, SR)ETE
8000 rpm FZl NELL 3 408, IR ZBESREEUR.
2.2.5 B fHlE

K e U R0 A O FR AR 4% o B 56, KA RO B R 7 4 O R R
W, ARIETRIRE] p AUREA R b TR GRS L 60 °C IR FIBK 2 /)
B, SRGAEIRER. —umllh b RE%RH, ARG MRS R0
W, BEJE, ERI L ERAR(PCB) L & — BT, A SRR . H
AR A ST N MRS AR AT PR REIIA . B AR ] 2-4 PR
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I

Transfer clean Si wafer
to the spin coater )1
— “

N—
=

The connection forms Sample covered by a monolayer

‘ closed circuit ‘nsparent graphene ‘

Fig . 2-4. The Schematic illustration of fabrication of PD
K 2-4. SRR HVE R B A
2.2.6 MELRAAED

Ot B A R L A58 2 A ] Keithley 2450 SourceMeter SMU 41X 283347 .
[ B} 2 e 48 O AL BT 78 Bt B0 W & 22 B KO8 28 B & A @ (1-D1190004  F1
1-DI90005) F T~ e I & Fh I K A D 287K~ OGBS 5, Hod Il K s 405
nm. 520 nm. 650 nm. 808 nm. 980 nm. 1060 nm. 1310 nm FI 1550 nm. Af#
TP R, A R % 2% (SIGLENT SDS2202X Plus) 45 & 15 5 V5 (SIGLENT
SDG2 122X ) Ml ik #4455 -

PN, KA R Aus CsiBiale Ml CssBialo/Au #iIEE 0.05 mg/mL
VW, FRTE IR T SR SC Zeta AL THEAT BRI ST I FEUBORE & 55 155
PRI VE(ICP-MS) R FE IR 8-S 0 BEAT T R G800 BRI RS R TC R 20 A1
T ZMERAT TR, KT B (SEM, S4800)F1iFE 5 FL - Rt
(TEM, JEM-2100F)$2ft T EMPITESME R, 1 X HELiEEDX)MnER Kl
TSRO TR BdE . X S R AT S (PXRD, Shimadzu XRD- 6100,
Cu-Ka, A = 1.54 AREBAEBIRLER), TEHETAN 30 mA. HEN 40 kV. FfEZE
N 5°min BN X BEJLHE T RS (XPS) W& 2 Thermo Scientific
K-A BUYES M6 FRENE (UPS) ZdliH Thermo Fisher Scientific ESCALAB
X1+ FERLE HI 56 AF T3k 45 o TR SCEREH - 7 2. 34Ut (KPFM)  7E 48 [F Bruker
Dimension Icon i /7 B4 FHATEREFINR, LADPAS BT 3RAGHE 0 78 SR IS A1 Y
TR RAL, 6 E A FluoroMax-4 7 6% HE( (H A& HORIBA A )it

Spin-coated on the Si wafer
surface for several times

drying
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&, RMEIR TR ZRICRE . CRP B SRBOEIE I E B Helios J6i X
(Ultrafast Systems)i#f 17 T TA il & .

2.3 &Rt

2.3.1 PPRHFIRIESS R XA
3 Cs,Bi,l, b Au
28.35 -9.32
-100 -50 0 50 100  -100 -50 0 50 100
zeta ({) potentials (mV) __ zeta (() potentials (mV)
c Cs,Bi,lg/Au E 30_d Cssl:Bizle
L)
.g 20'
wpd
c
3 10]
2 Cs4Bily/Au
g 0
8
2.52 @ ~10 Au
-100 -50 0 50 100

zeta (C) potentials (mV)
Fig. 2-5. The Zeta ({) potentials of the (a) Cs3Bi2lo nanosheets,(b) Au nanoparticles and (c)

Cs3Bizlo/Au nanocomposites (d) Error bar of multiple measurements
2-5. (a) Cs3Bialo 49K J1, (b) Au 49K BRLA(c) CssBialo/Au 99K E SR HEALD) £ 7]
HIREEHT

K 2-6a 5% Cs:Bidlo/Au ZUKE EA R EGG BUd ForR & 8. i 2-5 B

7R, CsiBidlo KM GG KR T Zeta A HIN 2835 mV Al -9.32mV.

XU L Zeta FAAZPIT s AR SR T FELAT R B, CssBialo/Au KB G A1 RH AT iE

o R TR P B A0S0, e AR P AR K S A B2 2 &R I

RS IEH T, X AR H T CssBidlo 4KIRMIE Zeta HAAIAHXT T AuNPs
I Zeta FRAZEL 5123,

27



8 W YN R R DAY

a

"0\ As-prepared

Cs;Bi,ly NCs
L n oY v OO
Electrostatic interaction j © o O
L) — . O ON
Toluene, stirring DOV
As-prepared -
u AuNPs Au/Cs;Bi,lg

b

Fig. 2-6. (a) Schematic diagram of the assembly of Cs3Bizlo/Au nanocomposites (b, ¢) TEM
images and (d) a representative HRTEM image of a single Cs3Bizlo/Au nanocomposite (¢)
High-angle annular dark-field (HAADF) image along with the corresponding EDX elemental
mappings of I, Cs, Bi, and Au in Cs3Bizlo/Au nanocomposites
K 2-6. (a) Cs3Bizlo/Au YK B G M EHHEE R EE (b, ¢) TEM BUEAT (d) HAS CssBialo/Au 44
KE AR FENE HRTEM B (e) CssBialo/Au 49K 2 AW R & AR RS (HAADF)
KI5 LB AR ) 1. Cs+ Bi Al Au ff) EDX G & Wi

Cs:Bials/Au 91K E G MBI RAEME TEM EEWE 2-6b F ¢ Frs.
Cs:Bialos/Au PUKE MR SIUTE YRR TE S 5 BHA Cs:Bialo AH L B A LR
A (B 2-7a). (R, SRR TR ER] T CssBialo PR IRM,
BTG BUHIYI5) AuNPs (B 2-7b) A #B7) H 5 & A AL i W AH AR Y A b
Cs:Bialo/Au 9K E GAPRHIMIR. HRTEM EHG LB 2-6d, I EL SIS [FRE 5 1 &
FEIEFESN 0.41 nm A1 0.22 nm, 23 5HKET CssBialo (110) A1 Au (111) &
N T RS E S S DI, 9K E SR EDX 6l (Kl 2-8)iiEsk
T Cs. Bi. I Al Au HIFEE. HAADF-STEM BE{GAIAIM ) EDX 70 % W&
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2-6e)%7R, & NPs |2 /- AEGRAR b, 7E 44 g BUR (8] 2-3) g m] Lk —
AWERRNX — A o &l 2-8 KW Cs:Bialo/Au PR E G TR EDX Dt i ik vl LA
S CRETHEN, 5 CsBild/Au M EHHEA —E.

Fig 2-7. (a) SEM image of Cs3Bizlo nanoplates. (b) SEM image of Au NPs

K] 2-7 . (a) Cs3Bialo 492K F 1) SEM El1%. (b) AuNPs 1] SEM K&

Element Atomic (%)
Cs 23.21
Bi 14.24

1 52.55

Au 10.00

Fig. 2-8. EDX spectrum of Cs3Bizls/Au nanocomposites
Kl 2-8. CssBialo/Au K B & #1 B EDX i

JFE 4 CssBialo 99 KB AT CssBialo/Au 44K & & 4 R & 4 A0 A0 &5 44 £
PXRD #t—HE, WK 2-9a Firs. G KH CssBialo 4 KAR K —HATH IR 5
N7 CssBialo FRvEE (JCPDS No. 01-073-0707) AHULHEL08!, 5 CssBialo AH
e, EAPRHE DUASE AT S5 AL T 38.21°0. 44.43°, 64.68° F1 77.69 °,
St T Au QK RLY) (JCPDS No. 96-901-1614) (111). (020). (022) F1 (131) &
[, UEW] T Au KBORLIK D 8, MTEIIESE T CssBialo/Au 99K & 41 KHE
DAL .
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Cs,Bijl b 13 Cs,Big, & ! Cs 30y, 724.25 eV Cs,Bily
Cs,Bi X
D !
B Cs 3d,, 738.13 eV}
— @
; g = -
1 3 2
L. o <
< A —_—
2 2 2
a 1 S« 5 @ cs.Bilsaul @ ! Cs 3d;, 724.77eV  Cs,Bijly/Au
s Ay g T € ‘ £ '
2 Wl atlmmndidoadsl O ] :
c = -
o [ Au PDF 96-901-1614| € | 5, 4¢Bi 4f £ Cs 3d,, 738.70eV
| | | yl | cis J~ M
Cs,Bizly PDF 01-073-0707 L e
Logalll, s e i
10 20 30 40 50 60 70 80 0 200 400 600 800 1000 720 724 728 732 736 740
20 (degree) Binding Energy (eV) Binding Energy (eV)
d Bisf,, 15880 ev Cs;Bl, e 113d,, 618.71 eV Cs4Bizly f CsBiry
Bi 4f;, 164.08 eV
. 13d,, 630.14 eV
- = sl =
S S ERN
o o 9
S < A
o : Cs;Bi,lg/Au 2 —_— Cs;Bi,ly/Au Fy Au 4f,, 83.77 eV Cs;Bily/Au
> Bi 4f,,, 158.95 eV % @ Au 4fy, 87.50 eV
c ) c 13dg, 619.18 eV c T
o Bidfy, 164208V | G : >
£ b= £
= c c
= 13d,, 630.70 & =

156 158 160 162 164 166 615 620 625 630 635 82 84 8 88 90
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 2-9. (a) XRD patterns of Cs3Bizly and Cs3Bialo/Au (b) XPS survey spectra and high resolution

XPS spectra of (¢) Cs 3d, (d) Bi 4f, (¢) I 3d, and (f) Au 4f in Cs3Bizls and Cs3;Bixlo/Au
K] 2-9. (a) Cs3Bizlo #1 Cs3Bizlo/Au [ XRD # & (b) Cs3Bizlo A Cs3Bizlo/Au H11#] (c) Cs 3d+

(d) Bi 4f. (e) I3d F1(f) Au 4f (] XPS Yl Fl g1 40 9 % XPS Y i

RIS A XPS YiEWF A T CssBialo/Au 9K & AR AL 2R S A K 1
4y, XPS A% (2-9b) o, W RIRE S R EAE AR . AT ER, T
CssBialo/Au KRS BLPRI R I0ER . 1E Cs3d Hmn#iR XPS Jaitk(&
2-90)" CssBialo/Au GKEAGM BN G REALT 724.77 eV M 738.70 eV, 437l
JHJEF Cs 3dsp Al Cs 3dy/21%4, & 2-9d B8 T Bidf HImESPER XPS ik,
Hr 158.95eV 1 164.20 eV ALHIPANIESS AN T Bi4fz2 F1 Bi 415,050, fi
P, XPAHIEM SRR N 5.25eV, 5 Bi BT (Bi*Y) MIEBEAPIREE K
USLIssI, 4nf&l 2-9¢ Fros, 13d MIZ&aRer 7m0y 619.18 eV Hl 630.70 eV, 73l
XFRLIT 13dsn A 13dsn. AR, fEFFHRIEREREZE, B 2-9f dol %225 Ak
85> BN 83.77 eV (Au 4f50) Al 87.50 eV (Au 4fspn), #—HUEH T AuNPs
Dk 2] CssBialo gk B0, (AfEREIE, S5EIE Cs:Bide HKMAHL,
CssBialo/Au 9K E &R Cs3d. Bidf M 13d MEE&REH KL T IER. X
—MHEAEREKY], BT CssBialo MM H 72 RS, BT AT Cs:Biy i&
o B G R RIURL_|[149.151,155,157]
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a

op

E]
Dark ——405nm 520 nm c © OFF/ ON 1550 nm
o ——650 nm 808 nm 980 nm -
G %‘ 1060 nm 1330 nm 1550 nm S
K =3 = 980 nm
- =
5 8 \/\/\/\/
Graphen® 2 £ % 520
053311‘9,““ 3 2 nm
2 [=%
2 g 405
nm
* E \/\/\/\/
£
_60 S
z z ) 70 140 210 280 350
2 1 0 1 2 S
d Voltage (V) f Time (s)
75 20mw 40mw 60mw 80mw 100mw 120mw]| e 45 ®  Experimental data| —=—R —e—D o
—_— 40 Fitting line :~-0.03- 0.6 3
< c
EBO 235 E -0.04 -0.8 g
- - < o
845 £30 > /‘/ -0
~0.05 =1
g ON OFF ; 25 E // =
830 820 2 -0.061 — '1'2§
° 15 =3 145
- O
a1s z @ -0.07 | 8
10 x ]
-168
T T T 5 T v T T T T -0.08+
0 150 300 450 600 40 60 80 100 120 140 20 40 60 80 100 120 140
Time (s) Light Intensity (mWicm?) e Light Intensity (mW/cm?)
g 120 h | 210 Cs,Bijl/Au
010 7, =21.5 us, =
. 100 2 < 4010
E 0 0. é-
Z % o @ 1071}
L T =0, [7)
>s 60 f345=2010 Hz, 3 S 02|
.é ! % g S T i
£ I B 3
> 40 | £ g1 I
< 5 o . 1
I m —
20 | = " 10 1
" " T —+ T . . v : : 2 L
10° 10 102 10° 10* 20 40 60 270 300 330 S 107 1072 107 10°
Frequence (Hz) Time (pus) Time (us) Frequence (Hz)

Fig. 2-10. (a) The schematic diagram of the Cs3Bi2lo/Au nanocomposites-based PD device (b) I-V
characteristics of the PD device under dark and light illumination with various wavelengths
ranging from 405 to 1550 nm with the fixed incident intensity at 180 mW/cm? (c¢) Normalized
negative photoresponse /- diagram of the Cs3Bi2lo/Au nanocomposites photodetector under 405,
520, 980, and 1550 nm irradiation at an optical intensity of 100 mW/cm? with a 5 V applied bias
(d) Negative photoresponse /-¢ curves tested at various light intensities under 405 nm light
illumination with a bias of 5 V (e) Power-law fitted dependence of different power and
photocurrent under 405 nm light illumination (f) Responsivity and specific detectivity for different
incident incident intensity 405 nm light illumination (g) Relative balance (Vmax — Vinin)/ Vmax versus
switching frequency of pulsed laser at 405 nm (h) Time response of a single amplification at the
-3dB bandwidth to speculate the rise time 1 and decline time 1¢(i) Noise spectral density of
Cs3Bi2lo/Au nanocomposites based on fast Fourier transform of dark current
2-10. (a) T Cs3Bidlo/Au K E &K PD 287~ B (b) 7 [ 2 N S55 5N 180
mW/em?, KN 405 ~ 1550 nm [ JERAGT T PD @R LV R (c) CssBialo/Au 99K K
ARG BRI S 7E 405,520,980 A1 1550 nm JG58 9 100 mW/em?, [t 5V fi 5 HE 5 R #7149
—ACGTOCMANE [-¢ B (d) WEFEIEA 5V AFDEIE TR OGH R 1 #12(e) 405 nm JGHREH R
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ARE D ZEADE TR KR (D) 405 nm A 75 HE R 90 525 A LRI (g)

FEXS A (Vinax—Vimin)/ Vimax 55 405 nm Bk PSOGTTF RIZ A KR (h) FLIRTBORAE-3dB 7 % T 1

I IR 2, DA - B 1) R B RSS R o (i) 3T I P IR DR 8 37 A5 (1) Cs3Biolo/Au 40
KGR e P il %

N TSI R, I CssBialo/Au 90K & & M RHERE 364K
R T PD A, KB EE IO SR IE A Y R R Z , A&l 2-10a Fras . 1B 2-10b
SR T Bk IR R F IR R (-7 ) IR, 7E 405 B 1550 nm (1) BEEFIEHE R
M. -V M ZR I HEL R, R W] AR USSR RO e . (EAE R
M2, SEEGIRIE RIS AE AL, e EE B PRI T B m it
LU, SXPVRRRRIL A AR T NPCo b4k, NS AN 1550 nm & #i 5
/NEI] 405 nm B, WA EDE IR R TR, RIFZIAFRIN 571 OB
fESVARERET, PP 7/ 405, 520, 980 1 1550 nm JH KK, PD K
S IR P S e R P (P 2-10c) o 7 AT UL BT 2141 (vis-NIR ) 1 22 AN B K1 Bl P
JEFF I FE R, ol B AR S ORI R L IRl B, 57 HH A v R AT A ) R
BEAh, 7£ 405 nm 4k, FEANFHI NS DIZE LR, 4£ 405 nm AN 1 R IR-I 8] (1-1)
2 (& 2-10d), & BA BRI 2 3 D H ) T D SR B G N . S T b
Fo T G RIS DA% BE (AR OC & Al 2-10e Fis o R RELE A (Ip
=APY, HrfIp AGHI, PRI, A NBIEL, oOATEELR, 0 UG
4 0.88, 0 ATEREHE(0.5 <0 < 1)FR I NPC N IHF T #im TFabE, X520
[RIFR AR ) 225 R — U133 134160-1631 & 2-10F Ffrois, XA 25 0 )82 1 (R) R ) 2
(D*)PEREHEAT VPAL, 8 FH 72 R = (Liight-Laark)/PS A D* = RSY%/(2elgari) > (FLH Tigne
A Taark 53 0 06 IR AN IS HRR, PR AT DI, S A ROCIEEHAR, e H
L Aup ) T BRI 164-166] A7) PD 7R K N 405 nm B, 5 K R 4—0.072 A/W, D*
H-1.6x10'% Jones, FILH RAEFH GFOGIRIVERE . Sy T 3 — B 78 M N d AL
T I O Bk P AT SR S RS S, A1 2-10g BT o “PHTE (VimaxVinan)/ Vinax
[t 2 T AR 8 B G FRAEG, 7€ 2010 Hz IHE B KAB 1 70.7 %. X% H]-3 dB
B (KA 20 2 kHz, UHH PD 7E = A3 X 450671681 T A% Bef 2 ALt 5 s (1 i 52
Mo IXAREE N NPC 3 PD #2443 dB #f SEAE 10 5EH] . 7E2) 2 kHz [ A0
HE I 0 R BEE G R (B 2-10h), TR TRIRD R FEA (] 43 55108 21.5 us AT 40.0
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us, R CssBialo/Au YK E A FRLEE PD HA PR K ame B3 FE . AR i F iR
PO AR (FFT) B, RIS 2% B0 4,710 BA/HZ (B 2-101), F£H
CssBialo/Au Gk G A4 KL PD HARR T M, S A TR E/N. AT
DR TN G BRI B A K S ] 7 PR S eI T B N S ' 5 P8 AR A A . 1
JEM LG (R), RN N (LightTaar)/Taarks W 2-11 . IXEEEERLRH, B4y NPC
e R 5 NSRRI

0.0 0.0
a b
=0.21 -0.24
z z
= 0.4 = -0.4
c 1550| &
g- o 1060 1330 o
» 0.6 650 808 §-06q &
® 405 520 ) 60
(24 (1'4 80
| . 100
: 120
140
-1.0 -1.0
Wavelength (nm) Optical intensity (mW/cm?)

Fig. 2-11. (a) Response ratio of different wavelengths from vis-NIR with incident light intensity at

100 mW/cm? (b) Response ratio of different optical intensity under 405 nm illumination
2-11. (@) ASOEHEEE Y 100 mW/em? I AN [RIBAS T WOG-IT 2L/ B2 EE - (b) 405 nm G TR

A [R H3  W 7 L

MZ T, & T HF IR CssBialo 40KAR PD 1)— RFIEm N FRE, W
2-12 f7R o 1Bl 2-12a AR H] 1-¢ B FT7R, 78 405 nm AL 7R e 6 . K 2-12b
FORBEA G R R M s FUR R0 e R B 2-12¢ BOR T AR 1V
4, 7£ 405 3| 1060 nm () FEFIE R T I & R I AEZR VERAAE, R BT 5 rpl AT
FEWR AR S A o A& 2-12d P A4 Ip=APY, 0 L& 0.88. 4] 2-12e-f
Bz, XEERI 28 10 i B2 4 (R) AR I 28 (D*) MR Re b AT V-AL, #EEH PD fEJ KN
405 nm I, FILH RUFHIESCmRPERE . A T DRSO NORE, @i ek
A5 ik AR R RAC S A 5, Wi 2-12g BT AT (E (Vinax-Viman)! Vinax B 35 TF AT
RGN REAS, £ 5000 Hz I3 25 KAE R 70.7 %. X FR-3 dB 7 5 (1 ik i
BNZELIN 5 kHze 1E2) 5 kHz B il 6 R Rt st 6 (B 2-12h), EF+
ISF TR BT 1) 23 00 45 ps A1 21 ps, KB CssBiolo M EHE PD HA BRI (1 6 m
I 328 o R4 B PO ) PR e L PR 0 (FFT) S s » SRS v e 7 2 B A /N (R 2-121),
R CssBialo MK} PD HA BT AR E M, WM TRV E /N S PPC 424t
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Fig. 2-12. (a) It curves of the Cs3Bizl9 nanoplates-based PD device at various detection
wavelengths and with a bias of 5 V (b) /- curves tested at various light intensities under 405 nm
irradiation with a bias of 5 V (¢) I-V characteristics of the PD device under dark and light
illumination with various wavelengths with incident light intensity 180 mW/cm? (d) Power-law
fitted dependence of different power and photocurrent under 405 nm light illumination (e)
Responsivity and specific detectivity for different incident incident intensity 405 nm light
illumination (f) Responsivity and specific detectivity for different wavelength with optical
intensity 100 mW/cm? (g) Relative balance (Vmax = Vinin)/Vimax versus switching frequency of
pulsed laser at 405 nm (h) Time response of a single amplification at the -3dB bandwidth to
speculate the rise time 1. and fall time tr(i) Noise spectral density of Cs3Bizly based on fast Fourier
transform of dark current
K 2-12. (a) T CssBialo 40K 1) PD a8 A AR AT 5V (i E T 1 B2k (b)1E
405 nm. 5V B FEIAFENER T -t B2k AR K. NFHEEN 180 mW/em? Kk
JEIET PD S AFHY -V RFE (d) 405 nm G T AR DIRADE R ERILEG KR () AFRIA
S5 405 nm YRR B REERTEERTIER (f) 3R 100 mW/em? AN [FIJEK FR i v 2 AT
EEARME (g) AR T BT (VinaxVinin)/ Vinax 5 405 nm FRHEOETF AR L R (h) BUURCKAE
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-3dB 758 T I TRJ A SE, SR AHEI b T 8] e, A BRI TA)e (i) T I LA DR A S7 A 4
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Fig. 2-13. The /-t curves of photodetector device fabricated by different compositions of the
samples
P 2-13 AN [F R ity AL bl 6 RO 6 LRI 45 -1 125
Table 2-1. The elemental concentrations of Cs, Bi, I, and Au in different compositions of

Cs3Bizlo/Au nanocomposites

K 2-1 ANEH L CssBiolo/Au YK E G # K Cs. Biv 1H1 Au T HRIRIE

The concentration of Au Cs element Bi element I element Au element
Stock solution content (%) content (%) content (%) content (%)

0.5 mg/mL 20.16 21.26 5743 0.59

2.5 mg/mL 19.85 20.85 57.12 1.98

5 mg/mL 19.45 2043 5597 3.52

10 mg/mL 19.40 20.26 5557 426

25 mg/mL 18.44 19.27 52.7 8.74

BeAh, AT T — ROV FEIREH R RER TT . 3 2-1 B ICP-OES/MS il
BRI A FIRERE RIS TR &8, S Lo 806 & 2-13 X5 4 1
CssBialo/Au GUKE EMRIAT TN S5 REW, & Au iR IEDECN 3.52 %
FIRE S R BRI RIS & A Tt~ PIRAE G MMEENE, W& Aut®
JRE BN 3.52 Y% KIFE S AT 1B EER] 15 R RIEAMERENR . & 2-14a
() XRD I3 15 K5, RS AT SRR G B, & 2-14b (1 [« PERE
TRFFRRE AT RFEE DGR . IE X B SRR A % RiF e e .
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Fig. 2-14. (a) XRD patterns and (b) corresponding /¢ curves of Cs;Bizls/Au nanocomposites for
fresh and stored in air for 1, 5, 10, and 15 day, respectively
K 2-14. (a) Cs3Bialo/Au K B &M RHEFT B 2SS Hh 43 6647 1. 5+ 10 F1 15 KiJ XRD K
A1 (b) AHRLH I-¢ 2k
H £s-TA JGRHERTTT 1 Cs3Bialo KRN CssBialo/Au PR B S ARG A8
W81, M ER T IER I REREAT TR FT. ££ 400 nm BOGEUK T, 1E 460 ~ 670
nm 2 AR fs-TA EIHETHM, AR SER s 0 an i 2-15 fis. it
F IR UG CssBialo 49K (K] 2-15a-c), TEKZ) 500 nm kb — > st B T3 4
EHIE(GSBYE 5, XA T BRAL RS I 78 2408 o [RII, PN IE U (450 ~ 460
550 ~ 600 nm) ¥ 48 T8 N SR IEESAVE S, XATRERIE T FE SR T
et . [RIFE, 1E CssBialo/Au 99K E G HATEHE TA Yk Mg 2 it TA (55
MIE TA 155, EW] GSB M ESA {55 FE /M4 CssBialo 4171119, Cs3Bialg/Au
AR E G B GSB A ESA W3R 5 35 K T 5 CssBialo 40K o X2 5 7T g
& T A AuNPs 77 AR R 55 5 7R ILR (SPR) 2R, 4640h-w] WO
(& 2-16) AT RAE B LI G773, ZE i) £ CsaBialo/Au 44K &G H0RHRAH [F] 1)
% 2T, AuNPs 1) SPR ISR T A . WIEH/R-ZAEHE, Cs:Bild/Au
AR A ARE PR U5 2 1) B 1K T R S RE R BE M PR IR A G . IX— IR R,
Cs3Bialo/Au K SRR BE 5 A RO AR B A1,
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Fig. 2-15. TA mapping of (a) Cs3Bialgand (d) CssBialo/Au TA spectra of (b) Cs3Bizlyand (e)
Cs3Bialo/Au, and the corresponding TA kinetic dynamics at 500 nm for (c) Cs3Bizloand (f)
Cs3Bi2lo/Au
] 2-15. (a) Cs3Bizlo A1 (d) Cs3Bialo/Au [ TA BT (b) CssBialo #1 (e) Cs3Bialo/Au [ TA S,
PLI(c) Cs3Bialo Al (f) Cs3Bialo/Au 7F 500 nm AbXF B[ TA 2712

AN, 1E CssBialo 20K TA G, 7£ 610 ~ 650 nm AW 52— A5
TE U, X JH T REBES T IR 7Y xR BUR JE(PL) e RE (B 2-19)
(15047, UESE T 3R PR IAETE . LA 580 nm LR CssBialo 492KAK
[¥) PL U430l /& B T35 (CB) W I HL AN 40 A S s (VB B 4H . k4, 7
29 620 nm AL —/ MRS PL WS T8 VB Hg i R 10 R0 S o) SR
U7, BB R GHE PL Yt A7 B 5 & 2-15b 055 GSB 55 H S, 1UESE
T TAE SR B SRIEES TR TIIEN . 5581 Cs:Biado PKBAHLE,
CssBialo/Au 0K E GBI B PL &S 38R BEES PL R S5 SR Hh i S
Ko ERPGESEZIR, BP0 86808, M sh RS RIS, B
AIXLEHEREHRE T CssBialo M Au Z [AJ A BB T 7178, BT GSB 5 5 1)
AL 2-15b Ml e, ARFIGIHFEI T HIEIRB) /175 CssBialg M CssBialo/Au, 7E
PR K 500 nm 2648 T, 43 593 G 18 XUHE HoAn = 48 £ ek B (K 2-15¢ A
HU7LITAIT-SIT g %2 o 8 40L& 159 B A LG S HO0 A 2-2 Fios. BT
CssBialo FAEAEFEBIFIRE, HAZFEBRRES =T VBM, BRI a8 K (1 = 50.40 ps),
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KIHHE T eiE A M R B FE . 1 A (v = 2.71 ps) R T B B4
W E 20 R KGO FEU78182183) - 55 CssBialo #HEL, FR#E XPS 45 (& 2-9)1841851, &
AR T CssBialo ) CB [i] Au ¥R HUBT 80 T~ B4 1 (13)29 9 1.06 ps. 12 BEH
TBE, M 2.71 ps (Cs3Bialo) T B# 31 0.89 ps (CssBialo/Au), [F]HH R (73 B 61.4 %
NBEE] 47.9 % XKW, HF AuNPs 17O SLISO L5500 B I B B B
SHHHRAHE TR [, 520075 (r) S AR A 50.40 ps (38.6 %) 22
FEAK 3 29.50 ps (28.3 %), XS Harxuwy EAL R T8>, W CssBialo 7%
B3 Au W FHERZ . WAL, FHFE6A 27.40 ps (CssBialo/Au), BIEEL T
46.60 ps (Cs3Bialo), FHILEFE, Au NPs J5 fE4E 5 —Fl By T- 55 58 i 4 11861911

Au
Cs;Bi,l,
= Cs,Bi,ly/Au

Absorbance (a. u.)

400 500 600 700 800
Wavelength (nm)
Fig. 2-16. UV-vis spectra of Au, Cs3Bizlo, and Cs3Bizlo/Au

& 2-16. Au. Cs3Bizlo 1 Cs3Bialo/Au [F4848-1] WG i

* 2-2: Cs3Bislo Fl Cs3Bislo/Au 7E 500 nm Ab [ 8] 23 BRSO G ERL & 2 50 A

)

T

HX: DA(D = Ae T
HAPAA (0 FRTERRERENBKRAL I TA 55, ARl 258 | A0 B8 ) 7
S TR AR AT 7 4

Samples A1 (%) 71 (ps) Az (%) 72 (ps) Az (%) 3 (ps) Ta (PS)
Cs3Bialo 38.6 50.4 614 2.7 46.6
Cs3Bi2lo/Au 283 295 479 0.89 23.8 1.06 274
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Fig. 2-17. KPFM images under dark (a), under light illumination (b), and the corresponding
surface contact potentials (c) of Cs3Bizly. KPFM images under dark (d), under light illumination
(e), and the corresponding surface contact potentials (f) of Cs3Bi2ls/Au (g) Schematic
representation of the carrier dynamics for Cs3Bizly and Cs3Bizlo/Au, respectively
K2-17. WE(a) Ot (b) N HIKPFEM BIE(c) BLAAHN [ Cs3Bialo % M 42 i AL, Cs3Bialo/Au(d)
FE G (e) JEHE TN KPEM BUZ () A B2 [ #2fid FL A7 (g) CssBialo M1 CssBialo/Au HIEI T
HIVAE 7=

A KPFM i — P05 780/ T30 /1%, KPFM # A& —Fhaf ik ot i
FHIR T HBAT RIA AR . FH KPFM X} i) £ (] Cs:Bialo 44 K A 1
CssBialo/Au 44K 5 G A4 BEG IR T S Y Ze 43 4 2% 1 F Az RGO il 2k (K] 2-17a-f)
BEAT A3 AT 102194 4 2-17 d-f Fizn, CssBialo/Au R TH #2 /i L 34 (CP) S £, %
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R AT, F1 Vern FOEFE M 5IREF I Z IR ) CPs 25+, 7£ KPFM i
I R e B A A NARAT, SR CssBialo 4K WF 9 4.57 eV, MILLZTF,
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Fig. 2-18. (a) KPFM image and (b) surfave contact potential (under dark) of Cs3Bizlo (¢) KPFM
image and (d) surfave contact potential (under dark) of Cs3Bizlo/Au
K] 2-18. (a) KPFM E1Z I (b) Cs:Bialo () HEME T R4k A7 (c) KPFM EEH (d)
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Fig. 2-19. PL spectra of Cs3Bizlo, and Cs3Bizlo/Au

K 2-19. Cs3Bialy Al Cs3Bizlo/Au ) PL Y it

3L UPS @t — Pt 1 CssBialo ML T-RETT &5 14, a1 2-20 Fios. ] 2-20a
IR T CssBialo B4 A AEIX (16.5-16.7 V), fE 16.59 eV IR HLH —kak 1kRE.
POKRER(ER) S EERER 2 MIMRE R 2N 4.62eV, RAANR WF =hv - Baworr i
B (hv AN HTRERE N 21.20 V). LMERAF AR, BTl & S BRI
SZIEUOT1991, g UPS 1F 5 WF 5@ KPFM Ml & (A S AA AN H .l 7e
0-2 eV AL RE G Bl N B PR A HESE 42 (] 2-20b), &I VB e KB EE EF 11K 1.51
eVo Xt 5 CssBialo (2.00 eV)SOK REHF T BRAHES &, 1T LASCIL i 7 BE 7
SERIMECE, RILH n B0 SARMRRE.

Cs,Bi,ly Evyl

Cs,Bi,l,-E,
a 3%12'9" ~cutoff b c EVAC
:‘: 3 work function | 4.62
& 3
-y 2
2 g E;
[ [
c € Er
£ v - band gap 1.51
/ 16.59 eV 2.00 E
v
1660 16.58 16.56 16.54 16.52 4 3 2 1 0
Binding Energy (eV) Binding Energy (eV) Cs,;Bi,l,-N-type semiconductor

Fig. 2-20. UPS spectra of (a) onset level (Eeuorr) and (b) valence band maximum for Cs3Bizlo
(c)The as-constructed electronic band structures
Kl 2-20. (a) Cs3Bialo IR AR AELL (Eeworr) 1 (b) M7 E NAE M UPS Jail (c) CMIERIHT
e 454
WRAE TR, TLARH CssBialo/Au 0K S4B I m) Y6 B AL, 1M
AR FAG I CssBialo KR . (EFEENZ, RS IEE PD , B A &
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AR (1 B 1 1] DA — P B BDCBUZ IR T S 38.6 % MGAE B T AT
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PRI T RS 21 4 I BRI AP A GEFE 10D), 1X 5 CssBialo/Au [ TA AR H) /1% it
(R4 B —3, XA T, MRS KPEM 2047, CssBialo (RAE 454 2 1A T R AE
A, — I, FESERIA KT FARER B AT DRI T RO G, R
CB " IEIR T2 B, A FEAROE R O34192040 0 S — 7 i, 78 B I 2 o = A 1
MBI MERE A0, BF5TRES, - PRK T BARER 75
(IV)[140141,145,161.2042031 - 2k B B, FESGIRBAIN], WILAHIR 7% B B TR, 28
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A q VTR (1.602 > 10719 C), o dh BT HUF AL, D 025 B A HU S A 2062070,
N 2-21 fos, 5 s IFHIRIER KT 30 s SRR, WHDGRIEG 5 s N AT
HEANT 30 s I B T8 B o X R I I 2-21a ik (I 1) 0 Ao F i —
Bl DIk, S 1w EERE G T R A s vl AR NPC 1) —AMEbs. Bk
WRE RN R] LS 280 CssBialo/Au AR E SRR BIA T3 5, RS RBRIEI
JECAE R TR . A, BT IR A A SR AT RESL [F) S EUG IR A PR R BIE B
JCRITE L AR LA R, Afifil’Z NPC.
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Fig. 2-21. Time-resolved photoresponse under 405 nm light illumination at the applied voltage of
5 V. (b) the Mott-Schottky curves were obtained at 5 s and 30 s after the light was deactivated,
respectively
Kl 2-21. FEINRLE DY 5V ] 405 nm GG T IR 73 BEOEHIN. (b) 73 AIAEE K G 5 s Al
30 s 152 Mott-Schottky £k

2.4 ARF/NG

X CssBialo/Au 57 Ji 2546 91K 54 A RS PD G B2 3EAT T4 T 72

PEVEE RN, AHE TR AR T A MPH 1) 57 )5 45 ) T 58 NPC. Au NPs 78
Cs3Bizlo YK BN FEL T PPC [7] NPC #5747, X 3 EIH KT AuNPs A
SINKGAE BT 1 A SOL AR PRI IEAh, CssBialo/Au 71 45 H 44
KB G PD R TE A R, YE Y 405 ~ 1550 nm, PRI B I E] Oy
27.2/40.0 us, MRS EARCN 4.7x10713 A/Hz2) . AHFFNTCHT MPH 25715 45 1)
O BIR T B AR T AR, IR T REIEE B I R AR S8 2 NPC &
(1) PD FIR &
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Fig. 3-1. (a) SEM image of CsCu;Br3 nanoparticle and (b) Ag>Se quantum dot
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55, FREX 50 mg CsCuxBrs, HAMHUT 5 mL &0, BT =3k
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Fig. 3-2. SEM images of CsCuzBr3/ AgzSe nanocomposites
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Fig. 3-3. The Schematic illustration of fabrication of PD
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Fig. 3-4. The Zeta ({) potentials of the (a) CsCuBr3 nanoparticle (b) Ag>Se quantum dot and (c)
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FIT S 7 (R AR S R 22 T FE AT 6 1, CsCuaBrs/AgSe 49K A b4 R R] LI i # Fi A
TEF H %S . BT IR A MR L T 2B S0 S g, X —BIR A EF

RZEREEAE M

CsCu2Br3/ AgsSe nanocomposites (d) Error rod

AgoSe & T RUAHXTT CsCuaBrs 9Kk 1 B A B S 1 11 Zeta HLZ .

48



8 W YN R R DAY

CsCu,Br;
A _csoa gy b

& ¢ 299
v J Hot -Injection = " =9
‘CuBr [} .
Colloidal synthesis ‘JE._,‘:"',:
g S O
Iy Iy i o oo
NN
:"’f",’" Spin-coating

CsCu,Bri/Ag,Se

Fig. 3-5. (a) Schematic illustration of the synthesis (b, ¢) TEM images and (d) HRTEM image of a
single CsCu,Brs/Ag;Se nanocomposite (e-j) High-angle annular dark-field (HAADF) image along
with the corresponding EDX elemental mappings of Cu, Se, Br, Ag and Cs in CsCuzBrs/ Ag:Se
nanocomposites
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Fig. 3-6. (a) XRD patterns of CsCu2Br3 and CsCu>Briy/Ag:Se. High resolution XPS spectra of (b)

Ag 3d, (c)Se 3d, (d) Cu 2p, (¢)Cs 3d and (f) Br 3d in CsCu2Br3 and CsCuxBrs/Ag:Se
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CsCu:Bry/AgsSe 4K & A MR mARRIAH S5 B 3-6a T, S ) CsCuaBrs
a0 K R AR B — AT B 1E 5 CsCuaBrs 44 K kL 1 b #E K (JCPDS No.
01-077-1586) A 1R 5 1 — EUHER0), 7F 11.46°. 23.04°. 23.38°, 27.73°. 30.71°
1 42.66° K AT S I8 43 %5 B F-(110)s (220)« (130)- (221)~ (002)F1(042) & THi
L JFRE CsCuBrs #HEL, AgoSe BT 45 N FELE 24.96°, 35.84°, 44.34°Fll
51.28°4b tH B 1 DUASHT IRFAE AT 59 08, 3X e X 3% T AgaSe (JCPDS No. 03-065-5905)
[11(110)~ (200). 21D)FI(220)di1H - HATDEAUESE T CsCuaBrs/Ag:Se 49K E 444
BHO R IR 8 . W% EHEAT fresh-15 KA XRD Fase R 3-7), IEHZAM
BHRA RIFIRETE. B X 206 T AR IS (XPS) 0T T BT FE i A4 2R ES AN
RIMHAR . XPS Ot (WA 3-6b-HNFEM, Cs. Cu Ml Br JLRIIFLET HIAEE R,
1M Se Fl Ag JTUHRANAE CsCu:Brs/AgzSe UK E A MR RN E] . a1l 3-6d Frw,
CsCwBrs/Ag:Se 44K &M BHE Cu 2p =7 HE % XPS S itk i (1145 & B8 20 i M

50



8 W YN R R DAY

932.64 eV 195239 eV. K 3-6e &7~ | Cs 3d FITEANI =50 FE 3 XPS Jeily, H
H1 724.28 eV 1 738.20 eV [ARMIEXS B Cs 3d. K] 3-6f 27 Br 3d K45 & REN
68.77 eV . 1E #f HAH EAE F L F2 vh , 75 B 3-6b HR 22 51 368.10 A11374.08 eV (Ag 3d)
RIS NG, 76 ] 3-6¢ H 8L H] 53.92 1 54.79 eV (Se 3d) HIPE MM, X
BE—PI0UFE T AgoSe BT s fE CsCuaBrs PR BURL F RN 518k (EfER L,
CsCu2Brs/AgaSe 9K E &K Cs 3d. Cu 2p A1 Br 3d 45 & 68 54144 CsCuzBr3
KRR FH EE I IR AR AL, Ut B B8l CsCuaBrs 49K RIURE & [ HL 1 = %5
JE K.

20 day|

J_J M A A
l 15 day
A A A

10 day|

lentensity (a. u.)

Fresh

|
|

10 20 30 40 50 60 70 80
20 (degree)
Fig. 3-7. (a) XRD patterns for fresh and stored in air for 1, 5, 10, and 15 day, respectively
Kl 3-7. (a) B SHPaBIRAE 1. 5. 10, 15 K1 XRD &

N EEICEE T U i A il RO RN % B0 e N AR, o il R T
CsCuxBrs PUKFIRL. AgaSe BT 11, CsCwBrs/AgaSe & & 451 57 i 45 (¥ 6 FAR I
#ro [ 3-8a Ml CsCuBrs P KBURLER1AE 405 nm T ANE DI [ R H, 6
FLJAE B O I D R G R4 K. AEDG R Th A 180 mW/em? & AF T, &l 3-8b
3T AE 405 nm ~ 1550 nm JGHEFAE R, 455K 3-8c Jt RImBE R AL IE
F 1T H 405 nm 2547 T G LG SR AR el o 1] 3-8d 1 -V RFIE T2k B AR HE
HA AR Z 0 2 B 2R Y Al S PRk 1) SR B R4 ) R AR ik, 383 B D LU
A Z A1 B S OB 5 2, 8 AT -3 21 A0 X SRR 30 H AIE 75 1 5 i B Wil 1 o
R T PIRFOCHR R R R, & 3-8e RIDGIRALE R AR A R R
WG, W HhZdp =AP®, o Ip JPGHIR, P oAYGIR, A NECBIHEL 6h
ERIEH)ME )0 =0.76. ORI GH G BTSN B A SRS EiE B)

51



8 W YN R R DAY

FIE Z4d B, ANLERRIR R IR TAkHE . B 3-8 I3t B HR I 25 PR AR R MM o
M 87 B ANER I R 254, R4 A 70 R = (Liighe-Taark)/PS 1 D* = RS1?Y/(2elpar) " THH
3, LA PRIN 2R BE A G R D3R B 38 0 2 PR

0.8

0.8

——20mw ——40mw —— 60 mw ——405nm —— 520nm —— 650nm —&— CsCu,Br,|
a ——80mw ——100 mw—— 120 mw| 0.74 b ~———808nm ——980nm 1060nm (o]
2 ~—— 140 mw —— 160 mw —— 180 mw| a ~——1310nm —— 1550nm —
So6 Zos6] <
-
T € 051 b
o o e
to4 £ 0.4 5
= 3 o
3 gos g
2
- - ]
So2 So2 k=
o A g4 o
0.0 0.0
0 40 80 120 160 200 240 280 0 40 80 120 160 200 240 280 400 600 800 10001200 1400 1600
Time (s) Time (s) Wavelength (nm)
40{ ,——Dark —=—405nm —— 520 nm m Experimental data) —_ %R —e—D150 —~
d+650 nm —+—808 nm —+— 980 nm e ——Fitting line Y f [
< 307 1060 nm——1310 nm—— 1550 nm 061 S 14 2
£ 204 30.5- Eis 45 3
o 0] = < <
€ 10 ® =
o £ 0.4+ >1.2 -
£ o 5 £ 40 —
3 101 8 03l = 2>
g-10 o0 2% >
- ° —
© -20 202l - 359
< 3 @
o -30] o @ 2
-a0] 0.1 x 09 {300
4 2 o0 2 a 0 30 60 90 120 150 180 0 50 100 150 200
Voltage (V) Light Intensity (mW/cm?) Light Intensity (mW/cm?)

Fig. 3-8. /-t diagram of (a) 405 nm with different power and (b) different wavelength. (c) Power
variations at different wavelengths. (d) -V diagrams of different wavelengths. (¢) Relationship
between different light intensities and current at 405 nm. (f) Responsiveness and detectability of
different light intensities at 405 nm.
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Fig. 3-10. (a) The schematic diagram of the CsCuzBri/Ag>Se nanocomposites-based PD device
(b) I-V characteristics of the PD device under dark and light illumination with various
wavelengths ranging from 405 to 1550 nm with the fixed incident intensity at 180 mW/cm? (¢)
Normalized photoresponse /-¢ diagram of the CsCuzBrs/Ag>Se nanocomposites photodetector
under 405, 650, 808,1060 and 1550 nm irradiation at an optical intensity of 180 mW/cm? (d) The
photodetector based on CsCu2Br3/Ag:Se nanocomposite structure has an interval switching
behavior under 808 nm light and lasts 10000 s (e) Relative balance (Vmax — Vinin)/ Vmax versus
switching frequency of pulsed laser at 808 nm. (f) Time response of a single amplification at the
—3 dB bandwidth to speculate the rise time 1, and decline time t¢
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Fig. 3-11. (a) I-T diagram of the CsCu2Brs/Ag>Se composite structure and single CsCu2Brs3
nanoparticle photodetector at 808 nm with a light intensity of 180 mW/cm?. (b) Power-law fitted
dependence of different power and photocurrent under 808 nm light illumination. CsCu>Brs/Ag>Se
composite structure and single CsCu,Br3; nanoparticle photodetector (c) at a light intensity of 180
mW/cm? with different wavelength response (d) Detectivity (¢) Response ratio (f) at a wavelength
of 808 nm with different light power response (g) Dark current Fourier transform noise density
spectrum (h) Electrochemical impedance spectra (i) Mott-Schottky curve comparison chart
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Fig. 3-12. (a) Corresponding /-¢ curves of CsCu2Br3/ Ag>Se nanocomposites for fresh and stored in
air for 1, 5, 10, and 15 day, respectively (b) The I-f curves of photodetector device fabricated by
different compositions of the samples
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Fig. 3-13.(a) CsCu2Br3, AgaSe,CsCuzBri/AgsSe ultraviolet absorption spectra (b) Ag2Se Tauc
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4.1 &5

A TCHUESERA FORME G BRI 2% b (¥ B B AT S5 035 32 BRI FLAR
SrfEERE R . SHEVL-THURS SN MR, A THUASRE A RER
FHAETEHLPH BT, Qs (Cs)S(Cu), X6 PH 851 0] AT R0 SRl i ke v
YRS, WM EERS R R P RGR G . TSR PR & R I
B 1 H R 45 R RSB A B Ay, JC AR AN 8] KOG IR A B PR B e, 1k
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PR, Wit TASKEFR Cs:Bild/Au FREMAKE S . @it SEM.
XRD. HRTEM. EDS. XPS &L il & KA BEEAT IS DI AIZE K L g
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AuNPs J5, SRR PPC BT NPC. H Cs:sBialo/Au SRR E &
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AR AE R, REM NPC R UH R TO6 A 80 7 I AR AL, M Au NPs
J5 5NN AN sk AL ORI Y 5 T ix — I /8 . X sbgt RRE, T
MHP [ 57 R4 R R m R NPC 258 PD HMEFE.

(2) B K FMFR 7154 R CsCuBrs. AgaSe LU 4% CsCuxBrs/Ag.Se &
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