s

. 0611 FAAAES: 10363
2 . 2220620125

S ~
SR

B8
%
S
H

A H B AR T S RO O LT REBIE ST

Title: Synthesis and photoelectric properties of

lead-free fluoride nanocrystals

S A i

& # R CRIHERD

+ N 1h2

wr 7t i I JEHMEL

S TSl 20250510




REF(IL R BIE AR

ARNIBEFE]: FARSF ARG, SR 2 mss b
W, RANERIMEES T, MILHATHIR TAERTBUSHIECR . BR
SO WA G BN SN, A SO S AR Al A A BlidE AR
Ok Rk S B i AOSOR N . IONANRH#Y, 3ot
FREAR DT I8 2R IRBIACRE B R AR R A N &

LA EE 4 A -
H#. 2025 £ 5 H 16 H



FALR SRR E A

PR SAEH 74 TR ROA AR R AR SIS, [
REF R B I 1) B AT DGR 1 B LA 28 8 SC I B BRI L R, T
VPR SCHE AT R A ) o AR N FZAL KEE] LUR A2 AL 1R S
AEBEGES 7 N B g AN BRI AT R R, T DR A2 ED . 46 Bl ald
ST BRI g AR A0 18 3L

R O, £ TR E AR

AL T

AMRE M.

SRS =AY, S M LU A Sk

H#H: 2025 £ 5 H 16 H H#H: 2025 £ 5 H 16 H



i W N i e 2 DA TS

THRANINAK B E R E SRR

w2

RS 9K AR CsPbX; (X = Cl. Br. DD HHEE K
JGER T E (PLQY D AT A M s (Al B2 S5, FE RO —
W& (LEDs). K FHBE FLH -5 S 7= 4 R S A5 15 e L HH T e 1) 182 FH i
Seo SR, JFLSTBRN A G P OGP R : H—, 87 (Pb) fENAE
HpBITER, FEBENAEYSREGENXK: K=, MEHAEEH%
TR G RACBIRE, S RGeS TR, MRS, T
KOG di AR R S R i A e 3R B AR, A | S8
TS gL, bF AR R LA M TR R SE L . teah,
1% 77 J5 A ER RS RS A, FF A ar ] Fra R B S . [k, PR
e VR RE TG AT ES BT AN K B A BE R HE SN A5 B A & 1 AR B
H RIS R

AU SLE T HER S EOIR . FaE s ey s e K bt
kL R BT BEu®Y/Tb X KZnFs TCHMSERT 9K bR T
YRR SAGE tEatk, Ed “EE AR AR LR EIB A R
HRNE, MR s M A s A B A 7R
¥: 1E KZnFs: Eu®', To* TELES R PR B RLG ,  51 N TH R
(OA), JERL Tb-O th 225, SR e & a4t 192108 4K LEDs A
FOGHK M RE 8 IRE BT A 064 KEwF s 90K ARk, 133106
B H e MEREE 1) LEDs FHZ Mkl BARBF LN AR

(1) RAEFIA L, R LB+ Eu®/To* % KZnF; L4}
FRERH 9K S AR a2 P RE A ML S5 PR e M AL e . 45 IR 3R

. IR BuYTo S 5k ], Se3l 7 A% (Bu'': Dy —
|



i W N i e 2 DA TS

TF1BKIE, Aem= 594 nm, t=6.07 ps). £¢6 (Tb*': D, — "Fs BRI,
Aem =594 nm, t=6.33 ps) BTG (490 - 704 nm, t=7.07 us)
Mmoot f3HAE LEDs TAEREE (127 °C) T, 4655064
(AR 23 ) ORAFF T AB IR TR (40 °C) (B 78%H1 68%, M ¥
Ve TR FE YRR T IE 76% A I, BRI B MR e . BT
MM LEDs &% 88 4H7E 30 mA (RSN B 2HLHEAL R K&
ek, HAARFR > HINLE (0.503, 0.276). 44 (0.340, 0.446)
I (0.380, 0.464),

(2) £ KZnF5: Eu®, To> A S SR 400K ARG s, 51T
iz (OA), TEMIH A KZnFs: Eu®t, To>/OA B4k 9K 5 &
Y. WHFLRIN: Tb-O MUALBEMIIL R, M58 T F R T 495 nm 4b
(56 G R BT (425-525nm), HAE 375 nm IER4ME (UV) Bk
T, RIUH T B B FIORHE R e, Gtk it, Mifiskis
UV UK MTCEY A e R Ak, bR AR I AR S i #k e
YERE, 1E 120 T TAHX G Z) N 40 T I 60% (495 nm)
70% (545nm) 1 90% (594nm) . B i+ H1FENE AWK TR
5 T N 18.33 uso fixJa, KZnFs: Eu®t, Th*/OA 415 UV-LED
A FE ARy (0.336, 0.333) [JEDE LED #34F, SR DL
EALBRIZI .

(3) RH—BRIEE RE B U To 5 B R A S5 %8 A 451 1)
KEuwsF i3 A0K S ARL . b i 20 7% R P R S AT S 2508 20 14531, KBuaF s
Ak ST WA AR AR L = 394 nm EAMEECR T 2 EvE T
RIRRAE AT s R AR GF AR e Tt e, 4R 2 =ik 200 °C B, )
= 594 nm K5I FIAE G5 EATY AT PA4ERRAE 20 °C T 2% i,
HAM 20 °C JHEF] 200 °C =R AEH G, FHRTZOGIR AT 5 —



i W N i e 2 DA TS

RPER G LT AR K AEZ; KEwF 3 99K F7E S — A = IR G
WG XRD FHIEATHIES 20 °C S82&AH4AF; £ 20 °C A1 180 °C T
KEusF 13 Z9K S 2O G TEIAT fir 70 01l 09 2.10 ms A1 2.04 ms. F& T b#f
K25 H 5 UV-LED & Fr UGHC ) €Ak bR (0.632,0.367) U416 LED
e

X o, #AYKE, BT TS, SAHEOG,  LEDs 4%
ft



i W N i e 2 DA TS

SYNTHESIS AND PHOTOELECTRIC PROPERTIES OF
LEAD-FREE FLUORIDE NANOCRYSTALS

ABSTRACT

The lead-based chalcogenide nanocrystalline material CsPbX; (X=CI,
Br, 1) has shown promising applications in light-emitting diodes (LEDs),
solar cells, and display technologies due to its high photoluminescence
quantum yield (PLQY), tunable emission wavelength, and high color
purity. However, its practical application faces two key challenges: First,
lead (Pb), as a toxic heavy metal element, has potential risks to biological
systems and environment. Second, the materials are prone to
photodegradation when exposed to light, which significantly compromises
device stability. In contrast, lead-free perovskite nanocrystalline materials
not only eliminate heavy metal pollution by substituting toxic lead with
eco-friendly elements, but also offer distinct advantages including high
efficiency, low production costs, and structural design flexibility.
Furthermore, their post-treatment waste exhibits minimal environmental
hazards, thereby aligning with the core requirements of green and
sustainable development. Consequently, advancing high-performance
lead-free perovskite nanocrystalline materials holds critical strategic value
for accelerating the industrial implementation of perovskite technologies.

This thesis focuses on developing stable and efficient lead-free
fluoride perovskite nanocrystals with enhanced eco-compatibility. By
employing rare-earth ions (Eu*"/Tb*") as optical modulators and thermal
stabilizers in KZnFs-based systems, we propose a novel dual-strategy
approach combining matrix stabilization with lanthanide co-doping. This
methodology establishes a groundbreaking framework for creatin
environmentally benign perovskite optoelectronic material with
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exceptional thermal stability. During the synthesis of KZnF3:Eu**, Tb*"
lead-free perovskite nanocrystals, oleic acid (OA) was introduced to
establish Tb-O covalent bonding, thereby boosting blue emission intensity
at 490 nm and ultimately enabling the fabrication of white-light-emitting
nanocrystals for single-phase LED applications. A novel lead-free KEusF 3
nanocrystal has been successfully synthesized for the first time,
demonstrating excellent thermal stability and non-toxic characteristics for
LED applications. The specific research contents are as follows:

(1) To develop non-toxic perovskite nanocrystals (PNCs) with
enhanced thermal stability, this study investigated the optical performance
modulation mechanisms and thermal stability enhancement strategies of
rare-earth ion (Eu®*/Tb*")-doped KZnF; lead-free PNCs synthesized via a
solvothermal method. Results demonstrated that the emission color can be
tuned from red light (Eu**: °Dy — "F1, Aem= 594 nm, T = 6.07 pus), green
light (Tb**: °Dg — "Fs, Aem= 594 nm, © = 6.33 ps) to broadband yellow light
(490 - 704 nm, t = 7.07 ps) by adjusting the Eu**/Tb*" doping ratios.
Remarkably, at the operational temperature of light-emitting diodes (LEDs,
127 °C), the luminescence intensities of red and green systems retained 78%
and 68% of their initial values measured at 40 °C, respectively, while the
main peak intensity of yellow light maintained over 76% retention,
demonstrating remarkable thermal stability. The constructed LED devices
exhibited excellent luminescent characteristics under a 30 mA driving
current, with the Commission International de L’Eclairage (CIE)
chromaticity coordinates of red (0.503, 0.276), green (0.340, 0.446) and
yellow (0.380, 0.464) respectively.

(2) The novel lead-free KZnF;: Eu®’, Tb*/OA complexes were
synthesized through introducing oleic acid (OA) during the solvothermal
synthesis of KZnF;: Eu*’, Tb3" perovskite. This synthetic strategy induces
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the formation of Tb-O coordination bonds, significantly enhancing the
broadband blue emission (425 - 525 nm) with a dominant peak at 495 nm
in photoluminescence (PL) spectra. The synthesized KZnF;: Eu**, Tb*'/OA
complexes exhibit characteristic blue, green, and red emission peaks of
Tb* and Eu** ions upon excitation at 375 nm, thereby achieving a lead-
free single-phase white light material through ultraviolet (UV) excitation.
Additionally, these complexes demonstrate excellent thermal stability,
retaining approximately 60% (495 nm), 70% (545 nm), and 90% (594 nm)
of their relative PL intensity at 120 °C compared to 40 °C. The calculated
lifetime of the complexes is 18.33 ps. Finally, the white-emitting KZnFs:
Eu**, Tb*"/OA complexes are encapsulated on a ultraviolet (UV)-emitting
chip to fabricate a white light-emitting diode (WLED) with Commission
International de 1’Eclairage (CIE) color coordinates at (0.336, 0.333),
approaching ideal white-light emission.

(3) Anovel lead-free KEuyF;3 NCs with non-toxic are synthesized for
the first time using a facile and eco-friendly hydrothermal strategy. High-
resolution synchrotron X-ray diffraction study indicates that KEusF3 NCs
adopt a cubic fluorite structure with excess fluorine intercalated into the
spare rooms in the lattice. The obtained KEusF;3 NCs have characteristic
emission peaks of Eu®" ions excited by the wavelength of 394 nm. More
importantly, the KEusF;3 NCs show excellent thermal stability due to the
small radius of F- ions and its high Ilattice energy. The relative
photoluminescence (PL) intensity at 594 nm retains approximately 72% of
its initial value 20 °C when heated to 200 °C. Furthermore, the PL intensity
shows negligible degradation after undergoing three consecutive thermal
cycles between 20 °C and 200 °C. The lifetimes of KEu4F;3 NCs measured
at 20 °C and 180 °C are calculated to be 2.10 ms and 2.04 ms, respectively.
The red-emitting KEu4F ;3 NCs are encapsulated on an ultraviolet (UV)-
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emitting chip to fabricate red LED with color coordinates (0.632, 0.367).
Yihan Li (Chemistry)
Supervised by Honge Wu

KEY WORDS: Lead-free, fluoride nanocrystals, Eu®'/Tb’" ions
modulation, single-phase white light, LEDs devices
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Figure 1-1 Different types of lead-free perovskite nanocrystalline materials.
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SRR AP R — AR A H . MA@ ISR Y CsoSnls MBHE &1
%270 °C W RAER, & TIZIRE RN 2700y Csl 1 Snlso IXEEE5 R CsaSnls
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PORLEE— 20 B T AR B R BHBE FEIB BEE [ JEAH%), Kavanagh S5& 7&E T
Ti M0 P SR (ALTiXe) Kbkl BT ATiXe MORHE A 1
PR, HSR S5HIR Z AAEZE R A 1HER TR 8 2 R 5508 2 [A]
X Fh 22 5 AR, RN NIR R ARG A 4RO BE T Rt A B 45 R o IX 28 IR X 4
AP B BLA SR S, RIS BRI T A RHAE T SRS P A 2 B AR B AT
FNTERFAE Y B ML), Habib 55 DLSE— 1R SR OB 9T 1 32 7 TR U ER A
KaSnXe KA RIIIEALE . BT SRR . 45 R I BT S5 4T
R R I IR E 1A 2 1 o X LS EG AR () S 5 A 7 R YR AR FH i
HELIU 3 AR 7 T R BRI 197, Liu 4 1 8k3E st 454K~ (ALTiBre)
Ak SRRl AR R, Hh R — R R AR, T g K A
Rl AR, 1E 8.66 GPa L /)T, AsTiBre 0K S AR #5 BRAR I 47 [
8, I HXM R R SFEER . ATiBre 29K ST RHE AT W6 T Fl 4 2%
I HH A v 1 R AL 2R B,

1.2.3 A;BHBINXs B TSR AT KSR

AT FRATE S8 T VYA 48 BH B 1 B AR A BT B 1 PR A A-B(IV) X622
k. FIERMINE ABOBIIXe BLTLHE N PR S LSRN 9K 2
ABX:E5H, TIAE A2B()B(I)Xe 4544 A BRI A RN A H B AL E T, XA
THRFZE G B AL, BN EZ AT, KA LKA AL, Bt
FRFECNXUES R fl4n: 7 Cs2AgBiBre £544, Ag™fl Bi** A2 & di4E B 47, EAK
A PR AR R PR R LE AR R T2 1 [R] I 50 B A L ORAF A BR AT 44K it 14
FEARHEZRI. 300 5 A FRES R 9K A L, AaB(IV) X ZU S5 458 B FH 2
T 52N FHEA SR S F AT~ o 1 AU ERET (ALB(DB(INXe) 45 1) F 7E 44
FFT B ALBH B FII3EAE . TEXES R 9K S 4 4 B IR &t — 1 43 & B
B (W Ag'. Na®), BAIDALA=MEEHE T (40 B, In®". Sb*). iXFFf
BFE B AATFHES, BRME IR S G R MR R B =M e 451, HL
B BAINFHE T# H Y5 6 e 3R & 1T BUE BB Xe]> FI[B(IID)Xe]* /\ T4 o
X R\ T A4 2 DAFE T Rl B0 310 0 Bade 42, 60 F EL A Tl A ELA PP 1R i SR 2504
ATPHES T N b AE )\ TH AR TAIBER, SRR e e S i TR 57 Bl o AHE TR 481 ABX; Y
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BN 5 A AR, USRI A A e 1 AT R DL AR BRI T IE
BB A, A HEIEE MR, X FLAUE LA LED 254 s I s AL F
Yu S NKH BB AIRGE, Bk T — R APTE S Csa(Na/Ag)BiCls 71}
WA B, Ag RefS A AU AR SOBIERE, I R EEUOL BT RE
(PLQY )M 0.46%34 M %A 25.11%, 11 AP I N, L4kEE4EH PLQY % 31.39%.
XA BT APTRT LB R Csa(Na/Ag)BiCls 1 il 3R BT 25 B AN 5 RO S R BT 8
U % Rz BRI (DFT) THEMRRE T Ag il APTHUR Na™ Al B 7 B
Hath . JFICHHT TR ESE, R R SR MR B AE R R 30 RS
T REORIF R AT A5 M AN JFR 1K PL S8 EE, RUTIZME A B M Es AR AR e
PEBY, Volonakis S5 H T — S (1 s AL WXL R A4 kL, ot B(DAN BAILFH &
Tl Ag Rl In®*, @I — R A0 AT E AT L) & BT S ERET Cs2InAgCle
FEHAF SRR S, RINZA SV RA R, AR R ardi it A B (3
Pt . AT EARYE Goldschmidt AU CsaInAgXe M HARA <AL AR 2 M2t 47
TSRS T, BEIR G s A IR & K I R B AT AT T R 7 B T A LS R AT
TFREE Y. Zi R ST TR 4 SEA R T SO Gd* kB ki
Cs2AgInCls WUESERH fildin (DPMC), A AR KR40t im 20 e i st H
F1, Sb> B T 5 4 ANMUE A 35 24 (1 DPMC 1% 5647 B M 600 nm 45 1] 670 nm,
i B4 PL B RIRE T 37 f%. 1 G B FH—FSBAEEIL PL B 777
9 40.8%, R ARB AL M 81.6 15 - T » i IS #H CsaNalnCle: Sb* Cs2AgInCl:
Sb. Gd, FHWGHIRELE 365nm (LN L, 4% T LED 8#F. % LED A%
Z ARG, AT LA A K AR o SR IO 7R A A R A R B LED
PRAET e R,

1.2.4 AsB(IID):Xo B TSR4E AT MK R

AsB(IID):Xo BTCENESERA 94K 5t J8 T BB A P A5 8K, Hofb 2@ b i
BIINAIE=MEEIAE T (1 B, Sb**. In*"), A NIE—HWFET (i Cs'.
MA®), XAt —M &S . ABILXo B850, EH = ATHEF. H
A BYBHE T 5L X 5 (A B3 [F AR SR S ra A~ 47, R LS5 R h A7 A
1/3 1) B Az A4, AsB(II)2Xo B A ERA 9N oK Si 72 FL 45 8 77 T & TR 4EES Bk AT
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W, e, SNBSS R U T AR LR B BXe] /A, 1%\ T4 ]
D) RS vl R 2 5 W i 2 D | A IR 2 = N L S 11 R 1 7 B et B B
JRIE], DA AR AR R RE E AR ai . Ik, B IHE F SRR s A
T B TE B EE A 3 B 0 AR AR ([BaXo ), FEIX MBI AYBH & T A e 1%
JFE BRI AsB(ID2Xo AUESERAT GRK & AT 23 4 JER G5 0 R — SR AR TR YL 254
(33561, FHACT Hot JUM R AL B ES ERE™ 9K AR AR, X PMIRAE S5 R0 40K dh 1 2514
fERE M T L = 4E M B A o iR BRIt R, 7E AR RS R A,
(RISEF 7 T BOR B . Fan S84 A @R B =578 7 (Ru™) S4BT
FRERH Cs3BiaBro (CBB) [ dib 1, b7 1E¥% 14 (ROS) F7K (H20) 2% % CBB,
LGRS s 5 B 2 A i) AR e o OF ELVEA T 7E4H O2 F1 HoO I 457% Ru*' 1) CBB
(Ru-CBB) XA ik £ P A6 1 G AL M BE - Ru-CBB K — R AT (38 4
LD AL P R AR R R . EX AN SRR, Ru-CBB 2RI T
SR, TG MBAE KA. 5% CBB AHE, Ru-CBB FIGHEALIE T
SR, XA E EIE, R ROS HIZCRE . HLEW LR, Hif
RILEE (0L HoO fROS NE) 25 T i, 1fERiE T+, H0 2R
FOhR IO S0 A 52 AR B ) R JRDT) . Guo Sl £ FH 25— MR GW T 5,
R T 3848 (2D) 111 BUTHREE A 85 ER0T (CssInoXo), HEALEIS
TR T g ge E PE A AR S s BRAE AR i, AT ERE, AR E A TERE 1K
RIS 7B 84208, Hai 55 N I8 I 8 2 1 RIENEE L T A FRTES T
TCAVEERA 4K i (CsaSbalo) o K HHil 5 ARK i F TG AL S5 — S0k, 1E
AW (A >420 nm, 300 W Xe lamp) FESSR, T-3h WSZHL T 14.2 pmol. g 1)
TR OISR E G AL COn 38 S R R A R4 T LR,
Ahmad S & 7B BEES BT 9K S FEE (CssSbaly), dlid XRD ESE 1
Cs3Sbalo RN RIAEE . @I R B EE T CssSbalo MBI R,
FIH XPS M5E TR TR AR thAt, BFFT CssSbalo MORIE il ZUN FH
(R ARRE o SRS SR W], CssShalo FHERT AR H E R E, 155 804.54
umol.g™t, HARE =& 50 hio0,
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1.3 TRIEERT AR BHIESE

IeT & Jm s AR 9K AR AR SE 1 LK P e P R S Bt
SIR T BB TCER FOICEAS B ORI . 54, Bl PSR K
ITTIRZ AT o BRI 26 VA 0 DU AR F ARARL I 1 B8 ZERA S LR B
7 FI AT CUnK FHBE Fth . LED #20F55) REIFIE 7. BIHATNIE, 2
BRI CICH WA OTER il PGB i B AR oK AE R STV
P4 B PR T I DL R OB B 55 5 o 1 T AT PR T UM VAN PR A 2

1.3.1 BBRAENE

PR AR N2 T IR VA R R N 3 e R SR R S8 I P Y
ST I AR, (AR AK T AR AR K I % . 2 )5, i eI B 1
B A B P SRk e ok 28 1R LS N, AP 1-2 BT o IX g V2.0 FAE A3 | B3
BRI IO B K AR B R, BRI R R AR 4 AR L 1R
ghE R RS, RBOE G F R & RS 5 5 e BRI I AR S ERR 4K i i
Ble Bl Liv % ACRH &S ERENEG R T —MELEIK BB (C2ZrCle), %
K K PLQY =ik 75.6%, 5 SR IXFR AR &b (1 da i oI T ol P 0 R
T, PAESL T ANEHRIE T (STE) B&F Lo* &1 (f1: Tb**. Eu** Al Pr'™)
A A RE R R, W LS (R0, WHAUE RN, 4 ZeY BT iz ak
m BRI, B Lo WREEREIN, KAET ML CsaZrCle:Ln® 2 5 RHH
CssLnCle:Zr* (AR o LITURFF S0 3R THES ERA 9K i 45 R B Al 18 i S g (o1, 55
At Wu S5 ] B B FAGE NIRRT B T — AR IR AL B (Cs2AgBiBre) &1
Mo HAMZEF RUHT T — RVIERAE, WALEERY, ZEF RUTEVLIRL
HEFRAE O B AR A BT AT GGG o A2 SN 1B R ) 2 B OB
FR 2 P HLTS Bt T — Mo AR, S84, Yuan S5 LA KT N4 &
iR, PAsnR AR NE S BT — PR G TEEY CssCuals P0K A KL (NCs) o
FEH, R KIEEN 8%, ZMEHY PL &= &1k 97.2%, L
RIS E o BBAL, I8 % NCs 1EA T 88 RO AR5 XBH RE AR S &
3R TR AMEREE A 2, A3 KBH AE I 1 R (PCE) #25
25 0.5%. ik, 2THLE R xS CssCuals: KK St 7E AR SR I L BUR
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AR A BT BRI 1) R iR NGB A& Z N, (HE A
R MRPRYE . Bl AE S NI A R RIS TE S, O BN iR A Y R T AR
o BEAk, B FEN SRR R AR AR, AT RE 2 3 BT SRR il B AN 52
&, fEMEHEREREAR.

Length ~27 nm; Width ~14 nm
Thickness ~1.5 nm

r: ’
B
; Cs;Sh,I, NPLs
i
SbI,+ iy Length ~655 nm;
ODE+ )¢ B Diameter ~46 nm

Cs;Sh,I,NRs

K 1-2 e AWE AR B B Cs3Sbalo NPLs 5 Cs3Sbolo NRs #5ERH F1} )75 B 155,

Figure 1-2 Schematic diagram of synthesizing Cs3Sb2lg NPLs and Cs3Sbalg NRs perovskite
nanocrystals using high-temperature thermal injection method.

1.3.2 SimEMRE

i ] P 9 4 [ 25 1) S LD LE el ) 26 A T R A A I N B A T
I 9K MR 7 1% . FoR 0o B TR vy, I ] 4k e B4 2 ] ) ks
PRENIGEE, FEH 21 2 MR BRIk, AR L gy 1 2 IR o AR AR L A AH
TER T, #BETCA RN oK I S5 A AT HES, B 5 T AR e I K Ak . 49
. Wu 25K R EBEMZEA R T Er-Ho Al Yb 45 24 i JC By W5 £k
LaMgTiO(LMTO)% ¥ . FIF XRD Fil FE-SEM 23 #T 1 1% K3 (A0 4 FE Al
Bo RGMHIF T LMTO: Er-Ho-Yb ZGH7E 980 nm WOGHRS T I 41 4h-11

(NIR-ID ROGHEME, BT E Er (0 1B Ho (9 T BB AR G Re ik
T NIR-II 2Ot B vt o tbAh, 5] Wi Z 1+ (LMTO: Er-Yb 11 LMTO: Ho-Yb)
ARG, NIR-IT i T A 50 4 (10 1 P 00 2 e 70 R 28 S8 R B o i 445 SRR W], NIR-
G FEHHROVE FE . RABUE S . O NIR-IT AR A SRR 7 3 i 8
1O, Sun S5 ey i A AHVE S T — MU B 54 CdaCaTeOg: xDy", I
WA IRIAZEREE . BUREES . ToR A SO BT as AR, Bl
F WM B B B m A A E, JF HAE 576 nm AL I T (R . TR
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Cd>CaTeOe: Dy* R IGK Y, Dy 1E B AR IEH LN CdaCaTeOs firhs, R
1T NAREE 552 3 Dy> S BIAI  BeAh, iZ5 0N 1A e P th R i HA v
T BJ6 LED (W-LED) . He Z&KH@iREAE G K 7 — R Sm* HIE 1)
St2YTaOg: Sm* WU ERH S5 M 5k o IR AR 70O M EE i TR AR
WHRNVESEARFAE, FFIRIE T iZAM R B RIFRIPEREN . RN, BFFRY], XM
Sk e B RIFs e f. fJa, S RFIH SrYTaOs: Sm>* # kMl H T
M RE B R 6RO AR 00 BR e iR B A 1) 5 B L 2 Tl B HOE &
R 7= o ARG A — 58 00 SRy PR, il T AV 7 G R P e R v o i ) 22
SRARFIIN A, i B AR 2 e S U R 9K S R S5 S v RE, EL
SN E RS A 1 T 2 N = A M T 51 SO S € 97 N =D

1.3.3 KAAGBFIRGE

TR TNV TR FGE R 1) 46 TS R G oK i L 5 FH B R4 13 72, 2 DA
KB WA FIE A BRI BT I 7 A BT B 0 SRS o G BT VR AT 2 PT LAZEAH
SEARMRE T (100 ~ 250 °C) A AN 9K &, I B A BB 9K A B
w1, KR A5, Cao SRl K AWE G B SO A Tm* L4826 1 B A FL i\
T 1A 45 4 (R BE AT T I AT IEZE M6 CsoNaInCle SUSSART #4KE (1 1-3), &
T eIk F] 20%7, b4, Zhou TR K #GEH R T TRHTESERE ™ Cs2AgInCls
B, I O ARSI T, AT DA R A AR SR AR R SEE 5 ~ 1.5 mm.
% Cs2AgInCle ¥ A L5 AP0 Se R sE 1, 06 RA At B i b (2
7t ER 7 718,

H T /K B R RN T2 T B, A = RS 50 BER Al &, e
SRR R B S . R, J2 H AT & B RS I F Ik —.

fl i 24 O o

- & fc * [SbCI*TMCI*
o e v d #, [InClgl>
4.4 Tl 7 (
:

€ - mece

Cl

= 180°C 15h
._ = Il1 Ir\rl10(l:;-4H20 —I
SbCl,-6H,0
TmCly-6H,0
E 10mL 12M HCI
1-3 R K #E B £ Sb* . Tm* $£45:2% CsoNalnCle XU ERH A K} 17 = 671,

Figure 1-3 Schematic diagram of Sb**and Tm** co-doped Cs;NalnCls double perovskite material
prepared by hydrothermal synthesis method.
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1.3.4 FEE

SEYTUEVEIB T U SOk PRl Al T M R VAR IR A, SO S R Ak
(i pH. IRE. BFRES) FILFERYUE, GRATHENERLEY. X
TCAVESERAT AR S AT RER U, K 5 4 BH 28— R0 1 25 B 8 - (1 P e B3 22 T
VISR — IR, s IR R B IR BE RO S, bR R 4R
BH &5 15 1 2 BH B 1 (R I T3 T AR G U TR A S SR 40K M ek o R T2
PR LU o, ATREE I, BRNERE, AT B S iR R AT,
FEH IR 5 TR Nl AT DAEAT SN o 940 Li 28K L TIIAAE SR AT B,
Yb**Fl Mn?* =152 (1) Cs:NaBiCls. 8t 980/1550 nm £LAMEHN 365 nm 1T 4 AM
(RIS, SEBL T MRt at PAS IR LTt N R . EAh, IEWEAE T AT REAT
FEMIPLHI LA EC 8] Mo* MRE =568, IR —eiob 2 2 K E kR
CsaNaBiCls 7E Bis ty 1 B 2245 B 7 T VB ZE R Y, Zhao 55 N\ HLie ik
HRR T BB AN KR (SDPP), JBEFIX Al R £ (R IR, $EH T —
Fih 22 4455 BIINEE J5 1 o 1% 7T 4 ) CsaNaInCle: Sb. Cs:KInCls: Sb Al Cs2AgInCle:
Sb 3 RIS . OB ORI R RS . A E K SDPP RGN, e
SDPP AE 46 A SR I o 308 I U 36 V2 P A 2 i UBE 88 30 P DA T e G o P 3
MEZEELE. R)5, BTXMEZEEERETE, ZMAER T BAEm ek
(R hnas Pk B . AN, =FhSEALK SDPP H L H =R F K fih & & P46
174 1 CsoNaInCle: Sb AR I 2 {5 S5 AT LUd i 87 R /K 5 Mk b DL &
PRI o T 4 B R SRAR B IAS B2 /K o3 7k A HE R, S AR AR 1 5 7 {5 BT
PRI, 3% = Al a5 A% IR ES BRA 0 2R AT LUF SR B b AN [ RN 5 7 X I A2 5 i 25
FR . Z ORI RLR G ER KRR LR TORME BN g, etk
FIRBEMETE E—A MUY, SRyt ki s SR R DT 1l R b A AR K
AN, 255 SERBR R EEAE 5] FWR, 5 i AR R K v 57 3
PAHLG, MRS R AR . I HAEH O RS AR IR R 5 KAERER LR,
S K S AL Rt B R DA S5 BRI S

1.3.5 BECtAHmBh BRI E

P8 B PR CUE V20 — i T8 IR AR R 77 4%, el 2 ) T JE B A B
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AR AR o JX R 7 VR 1 ks G BTG AR S B 9K it 0 T B 7 R Y 791 P v
i, SR 1) U NAS RV T, A T 9 V8 AR FBE 11 [ B (2 At HL R A SRR T B
UUUE, fJaib A RIE IS ER RK i, HaRE PR 14 Pos. o,
P AARTE X NI o (V2 5 0 SR A 8 R A RO, S 1 T Sk 11 Y P82 A
SRS, 3 T AW B I B AE R IAAT KR oK SR R T, A BRR E T A S
ERH K SRR IVE R, DT SEIAT 9K St A RS s TEAR DL S5 4 (K% . IRV
R SRS AHIR AT, SR Rt rT BAEAT . W] DA GK R RS S5 R Bk
TR . Fh0: Rajeevan 5 N BCARSH B FRUTIE 7R A i T — Rl 2. 6
B 45 HASE W Cs:CuBraClh #54RH 40K il (PNC), I8 HAE y— R udtix
BRI A B E 2GR NGNS P IS SRR, i PRE K A 5L R R L
U R B, B ARG IIFR N 57.64 nM. TIZEFL4KSE TR BN 32 uM SRS,
WK SR FE SURIPE K . IR TN, S BT TR 5 a3k e = R BT 30
R TR T 2 AR I 52 Br /K RE TP B 2R I BE 70, 19317 93%-98%1)
RAFIRISCR, BJE, AT 78 H RS iR I sE i s 8, 128 N et 7
— R IR AR, R BINRIEZE, DRIk, ZIRET RO R R 2R AR I 4 75 1 kg 7
AT, Wang %5 @ o O fA i B B 0T J7 7% B BTG B 0 A KT 4 K A
(Cs3SbaBro PNCs)o SEHG K BL, 247E 375 nm P K FEUR KT, Cs3SboBro PNCs &
DL AR ZU R R S, HFAE 423 nm AbH — AR . ZPF RS R T —A
AEIILE, W R K AR R N T PG RRE . JE TR, F
i Cs3SbaBro PNCs #4 K}, R 17— R IR S /K T J8 BL 5O gk AL K3 . 5
SR FL I, Cs3SbaBro PNCs £ 423 nm AL 1% 65 FE I N 5 15 /K & AE 0.1%~4.0%

| R ]

DMF ! Oleylamine

Precursor
Dissolve | 30 minutes /‘ Reaction 1 minute [~
| > > —_——
Centrifuge at 7000
| CsBr |- — - — - ——Octane rpm for 5 minutes
) ShBry \ ; A |\ OQleic acid
el ) \ &—=a) e ) s Cs,Sb,Bry PNCs

Bl 1-4 R FHIC A48 B FRUTUE V2 6 Cs3SbaBro PNCs (1 B A #/E 7R & &2,

Figure 1-4 Specific operation diagram of Cs3Sb,Bro PNCs prepared by ligand assisted
reprecipitation method.
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VU HE A R RIFRAMER SR, BIIRY 0.033% (vv)e Ja, ZAKRARIRERH)
CT TR & A A LA K & &, RIS T4 AR S R e
PGB FRTIE IR I A AL 2 Ak 5 BEE G K RV TIANA R FRIA &R, Al ik #%
ROV b o HIR, BCAR BPRAE S B AR A P kS B AN m] R VR Y, LS 225
AR RERA W AR B REN S AR S5, S e BT s AL AS R IO VE BE -

1.3.6 WUKsEET =

TSR 2 S A — PR R A8 P v A B RS 1 S I e 7 A 2R R R 310 43 T
I | S e 5K s o3 VA R VT U R P R S L /T B9/ I S K AP N
(16 R B AR KA s AURT LA JEORH S S T, 38w DA A5 ER0 i
R TR R ity AR AR K, 8 ) 3 0 A 1T A SE BRI F 38 50 (R TR BV B 49K
Mk RO Al LR A SR SR TSR L, vk B I R S5 2 e 5 7R 35
I [6) PRy ik 81 S S e B PR S, AL S TR], B OsRe . FLk, s n
PR T W In#TT R, AR AU W DM AR R AR TR, I SIrELF . 4.
Pan %5 N\, 1 F fa] 52 O SB dm S0 5 1 1 — P o35 HARE 14 6L CssBiaBryNCs,
o & R 1-5 o Pkl 2 9K S ATRHE 434 nm #1460 nm &b B 1)
W, CssBiaBro H] PLQY M 8.47%32 =121 35.8%, RFLKIN, XAt H T BiOBr Xf
RMFEPHSHA L. Bh4h, JEIITE 365nm GaN LED 0 H _LiRk7 CssBixBro
NCs/ —FAHER S ARSI R — 8 (LED). X I LAE My 4 T A4
BRI 9K SRR T — 50T 10 G U 2R, FF R HE TR AT 2 B A o L
31, b4k, Reyes-Francis 55 AR FGOBHR %G B T CsaTiBre A A 7 AU EK
0o TEHMI AR PIE AR R B OCEEMIER, SUARTHIR S AL, &

microwave microwave

) &.

B . dissolution . centrifugation : . ﬁ-
. H H ﬁ S .
3 ltl ‘[ L ] reaction "’x‘f.( 3 'ﬁt"l redispersion ? *ﬁ: 7 Ag
34 P e *}A‘c et Hexane S
o o g1 ) *‘%" o 8-
T R

© Br "W Oleylamine SN Oleic acid ® Cs3BiyBrg NCs

P 1-5 flipl 5 SR 46 CsaBiaBro 9K Al A A i A = 73,

Figure 1-5 Schematic diagram of the synthesis process of Cs3Bi:Brg nanocrystals prepared by
microwave radiation method.
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AMLERAG T B ERA ARE A P  A P R BEVR A, 3 (845 B 46 (0 8147 56 A
R TR, PR — SR, . BOR AN AE S — S R
CEVAESER] DR VLGN oF S N

1.4 TSRS AR BB HEF

BT A% G A TopL 4 i B B 9K & X AN A e 1 DA S s R O BR 1, TE 45
ERB™ R SR B, SRR RIHES) 1 F5ERE X — QU A A e, (LR AL SO
Blsk. TEVESER PR B AE ToRE AT B m S s Bom A = i e s
RESFIE AL, ERZOUSAE EEMN A . Hlan: FEREIRAUE, ToH PS5 kA 9K &
FORLAT T KB RE it , 32X BT K S AR AROF Bl T2, AR
2 KR TIoRACE % GE AR 3 K BH R FELI AL, HESIA TR B BE R BEAT A HL Y 42
T S AR A fi o LA, A2 BEVRATUEAE W] - [ A ORE f i, X8 T o e
Ry B A E W EA R 0E 7 AR AR E . DR, ) DU D [ A4 R He
MR AR, SRR A PERE, FRREA . G, Joa RN a0k
FAORLAT EARE FAE RO6 “ AR DG LRI G b o AEAR AU, TEARES B 9K A4
ERT DL A9 5 A s AU A T e 255

1.4.1 XPHBER

K FH R Lt — PR R B B A H RO R~ S A o R L AR A2 2
RIS AR RE b b, 2ot FREE R TH TS R, HagRafhis
g AR TR R T, SO B TR W, R E AR 22 A,
fE p-n S NERIZIKE T, HHEETH n BX K. R0 p BIX (D
T, MRS ZE. EIXIN, KORFHRE i 5 AR R 4%, R BRI
N BRI, BEMTSEHL 7R R e v L RE . BUE H AT, RFRRERIhA
e AR R FH BE Lt VRS IE 8 L A HLKR fE R DA K B BB A B fE LT 25
o PHERE AR SRR L & R A5 A, AT DUR B s R B D' A i AT O
LA, F G R R A R RE R, B ERAT A RH RE FRLMLA )72 B R F 172760,
Huang 55 N IRG BT — O B85 Ek0™ (CsBiSCl) #4k}H,  JF4 H FAER

Mo fEJ5 SEHIETTH BL DMABIS A A, FIN CsCl il % 1 Bl 2.012 eV
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[¥] Cs-Bi £ CsBiSCL #5EKH iR, JFRER T i I i R KR EE « I ) AL 27
TR, PEESERKRH AR I A SEIL T 10.38% M DR, JFHATS
H224 150 RJGREEMUTBE 3%, AAENRRRENE. &0 NARRIT AR H
Fe i€ MDA TC S R R PR BE FB BT 1 T — 2B iE R 7. IR, Yao &F
LS —MEJEFR VL, WA T Cs2:BB"Brs (B'=Ag, Au, Cu ; B'=Bi, Al, Sb, In) 1
I BEADGE R . GVEREIIL, 53] 7 =AML, BUR TIER R,
A G 58 A TC BT ES R AR JF 55 Cs2AgBiBre Z [AI3EAT 1 LEAL . [F]I,
SEREFE R SACPS-1D 440, Bevt 1 BA 0 5 1 R R T 6 AR R BH R Hi it
P B TCE RS R, f K L SO S R S 4G, IR HAE T B R4
o BTG RN, HThFR B 0%t e 68 AR G A R MRL . 1200 0 R TE A
XSGR 2S5 BB TSt A MBI FE T, oK BH e HG R s AR I T R
PROE TR WA, I8, Mahedi EN, WA THET CsGeCls A5 ERE K FHAE
Htl (PSC) MOGRMERE. BARBEFL 7 AR 2 UL HZ (HTL) X HAEREMIRE
i, L35 Cu0. CBTS. Cul 1 PEDOT: WS ] PSS AL T4 )2 (ETL). IR

FTO

ETL (WS,)

HTL (CBTS)

Back contact (Au)

&1 1-6 CsGeCls A BH i it 25 #y 7 2 B 7
Figure 1-6 Schematic diagram of CsGeCls solar cell structure.
WAL TR g e RE RSB 2, BN SRR FRISZ BB . B3 B . HTL
JEEFIARE HTL HA5RI5M. AL, i FIE IR T BB SR K BH 8
Hiytl (SCs) VEREMIEZNA . %I FL R FH SCAPS 1D #4705 B4, #RE 75T
CsGeCls IS ERE K FBHRE I B PR A RE . o R, TRE GOk B FH (7 7 it

A U R AT
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1.4.2 StEIRNE

6N 2} — MRS OGS SR BN A 5 1 AR BT, R 1R 2 AU
FETIZMMH . EERBAECBE SN e RIS A% 1T
R, TOEVERERE AR SADRIE ' R PRI 2% ¥ 8 F b R AR R B . SRR
BT . Fo—, e PERETT T, H T IS ERH 4K S ARLZE BT 0 DL R 4T
A1 X ST 2 B RO R A BT RA T DR B B WIS A K6 1, 7 AR KB R T
R BE SR TG LRI E 1K) REUEE . S350, ToEYES SR 9K Al w] DR I 5 46 B
Bk — LM LT EOR I B, SERLMER S BIE LA IR . e, A
REJTTH, TCEYESERD 0K AR BR FIT B R A s, IF By B K.
b, ATRATEGRK S A RE AT A 5, X FE T DU R TR A, e
BRR . AL, ToEVEERA ARK i A BRI B D L BB BEAIG, 1A R T
BT AR 2, RSB EF e I, R AEA R RS T LR, £
TUL AR, ATCHES R 40K b R A% 0 (R BRI 23 A2 A5 L B2 2 AR
H B P DL R PR 5 i W0 46 5 THT #0546 A S8 I S FHB082) . Tong 55 K FH 1 B I Jie
RIEHIE T —Fh CsBisLio F5EKW AEL, IFHFR T 5T CsBislio #5EK0 W5 1) R
Bt RS (RLPD), Hl& R 1-7 fs. S840 R, ARl
[¥] RLPD X} 650 nm YGAEHEURR, HIF/CHmik 105, EAGTh, 288k im B2
FECATI 253518 21.8 A/W A1 1.93x10" Jones, izt T~ oA % Gt A 36 454k
o UBAb, %A 7R PR i LA o A T R . TSR IE, BIERK RLPD
TEMBERHE 3 H, B EE RIFRI®R &R E B, Gao 55K B FaEL
JTEMRYL T CsSnls A5ERH 4 R} 5 % BE (8 2500 Snle® )\ IHIA ) 2544 5) A2 T A
Sn* A HY AR Bk S . I s AR AR oInN 1-7T 56-2,3- T R AL R e
(BMIMCD il % H 7 #8A25E « m M AE I CsSnls 49K 2 (NWs) Y LRI 25 (PDs )
TR I AR T R I BMIM B8 7] DU R B4k 5 8 O Bk, RIS
CsSnls NW PD HJIE L. )5, KAREREMEBETTPHAA 60 RUUE, KIL
A PEREAN CREFLE 90% DA I, & m e e PP, Lin 558 N R 4585 714
I SARTTIR (PACVD) BRI % &5 & CsSnBrs #54LH Wl . £ H & pud
FErf, RIS R R IR AR, AT DU AR AR B A, I8
BEVH PR CsSnBrs MK A FUBRIEZS . Ik Sn? AL D JRsE St B 4. Mk, DA
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CsSnBrs #5EKH" %0 (6 IR 32 A & L 7 I PERE . IXIUWE XA DO IR =
CsSnBrs F R AT EADE B PERESR AL T —F0HT %, TP R R PERE T T ES ERAT
UK A B R Bt T — DAY R 51,

I (]
/L+Am,ﬁ%4‘u!y
_Spin-coating / Rinsin /

—

— O Ol P
—C O N OO0 0 0 0 0 0 0 O O O O

g8 0

= =37 q
U] Glass 'CsBi,I,o precursor @ CHCl, CsBiyI,, l Au

B 1-7 il 4% CsBislio 5B FHEAEOE HEAR I % (17 i 830,

Figure 1-7 Schematic diagram of the preparation of CsBislio perovskite thin film photodetector.

1.43 BR_RE

KGR (LED) J&— Pl B Re e A ] WG SR 3. & %0
Gt p B AR n B SR AT RN & s PR SR Z R 208 pn
g, HIOGRIDN, MA R EREL S, o SR EZRINETS p
R AR 72 SRS &, A UG T R R R &, 2 SEpbs it id
2o TCHVESERT 90K i BHE RO PEREAL 5 o 46 OAIR PN TR 47 DA S 4
IR SAE R G URE B 2 MR . Li S5 A4 T B AR
F (STE) MERHH Cs:NaInCls: Sb* BT K, MHAMAET (Ln*H)
BRITEAZYPK ST 20K . XTI FEE S Lo’ B P B RN S
B, ORIV RS . AR T M Ho' B T8 AR (MRE L o, 3/715 T BAT Wl i
FAOGEIRI G R - FEFUEE IR R, FEG 61 PLQY 2 F1h S BT &L
MM STE B Lo* @12 M s e 4% . Ak, X708 T iE B AT
Il & S R 7, I LHIVE T LED 234486, 1845, Yang %5 BT HLTE
Cs2NaScCls RUSGERH By (DPSCs) B4 T S MM R E T, M TR TN
% DPSCs I T AT WG RINT £L A X IR e R S o BRI, FARFIIS A%
01 2 T P i e B A 2SI IO € P88 T R 8 R S 1 R R, S A TG B U BT AR >
WiE. BeAh, ZFFEE R, CsoNaScCls DPSCs H1[LnCle]®/\ i & Fl ) B8 -+
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BRI, IXAESE S PLQY W E TR . BUn, T La¥ 5241 DPSC il
% 7 2R LEDs 230, 1 R B 1-8 iz o 3 HL A B35 AN [ ) 7 F Zh BT,
HKk, Li %#id7E CsoNaInCls XUESERA 5N SO E T, & T RAEAK
W) CsaNaInCle, Sb* dif4, H PLQY itk 99.35%. ¥ Ln*™ (Tb*"#l Ho") &+
573 CsoNalnCle: Sb*' ', BT ReE N ERFEH S| Ln*, LI T NEERISGE
ARy LGS A S, PLQY 434 90.68%F1 61.87%. 18id 1% Ln* & ¥
M52 & &, 16 Tb M Ho¥' HE45 441 CsoNalInCle: SH* 7k RS20 T AR AT
PLQY N 68.87%. J:TiXLesd ekl 73T Sb*"/Ln*"#t452% CsyNaInCls [ %
BRI ARG LED #44F, HZ# RIS M i et &A%
W, SRR R AR 78 [ 25 HE W R 22 €0 7 T T B AT AR K 1 B FH 78 1881,

LED Application

Cs,NaScClsDPSC  -h - Night-vision Imaging

] 1-8 2T+ CsoNaScCls DPSC HJ LEDs #3172 1871,
Figure 1-8 Schematic diagram of the application of LEDs device based on Cs:NaScCls DPSC.

15 ARXHMRARTEENX

I AT KSR SCERR BT A, B ES PR AN K S AR R R B stk BE
FEHEE LED s fF 54T BRI AT 5to SR80, #ho0 s BIAFEXS AR AR
WAEMRKIEEGE . [N, HAERIR. RN RDCI T2 5 M, 2
AR RS E VE B[ RS ™ B2 TR R AR T R RS A R L TR
TR A RO R RE I F B A R I TC By ES BT 9K i AR AT T N EL 2L

A I A RHE AR OGS E E BE L AR B 2 R IS TR A
LA BRGSO RAE BB B DR 2 A% IR s S U 7 EE BN - R
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XA B ES R UK AR IR A B R E A . BEAh, TSR
K R BT BN L B TR DL R RO e, S (RO RICR . 2T
DA BN, AR T IRH A AK )&k, 8 18] KZnFs TCHVES K44
KB M L Bu® s TO 8 7R R AOCIERADG R, SR (0A) &
FTCHYERAH EDGATRL, IF B G R A A K RO AR RN
LU

1.KZnFs: Ln** (H A Lo®*=Eu®", Tb**. Eu’"/Tb*") THVESERH 49K S A AL
HHG BT Lo’ 4% KZnFs K%, MIISEBAZLG (KZnFs: Ew’h). 4%
J (KZnFs: Tb*") B 51E#E (KZnFs: Eu*/Tb™) [R50, A& k5
FIRAE LIRS HRAT PR IR, ISR AERE AT 450 TR Base e
JeE M RE I RAE 0T, 505 5 7 SO0 A 25 4T B0 FI 3RO LEDs #8F.

2. B A KZnFs: Eu®", Tb*/OA TEHVEERA 9K S A il TESREE R 1 73
#r. X EDG LED ##Fd%e. IRA G R IE, RER OA BUArbLH] . Xf fe e dh
RGBT T 8/ 55 JeF 1k ae ARG @ BT, 4 T I gk sk
505 FH OGS 426 T 5k WLED #34F

3. B TERE H B N A S5 ) KBuaF 13 492K 8 1 B i 56 A B AR TR
AL, e LS MR AR B, 456 GSAS-IL THEL E R ) 45
a5 FExF HOG 2 Rl R 3 ER e M I EAT MR 0T o 585 B T IR K i R ROl
P55 7 00 3% T 400k LED #fF.
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2 8 EutTh*EE KZnFs TR0 K amAYIEF M BE

Wt

2.1 5|18

AR, BER 9K AR CsPbXs (X =Cl, Br, 1D PRIHBRR G s R
N A G = 22 N oy 1 ) IR Ee e o s KB Y R T i A M (BN A
BB AP RHEG PS8 (1D E4&JR Po> Bl FHA RN () ST 9K
FORHR BAT AR RS, 55 5240 AR ot | 48, #, ZK S5 TR s A P A
BRI AR i P 7 M S AT 52 38 BR ) 2801921 BRI, BRBTCTE L A S RAT
AR T 2 TR X — R N T PAF TSR 9k d Ak, AT
FARZ 5 PO A AR AR sl = 1 & e & 7 B Po™ 1 7, PR S A 4K
B4k i E M . B0, Hao 5 NGB 4RV R Mn? F1 Zn? 85 7 3L [F AR Pb?
B33 CsMni~ZnCls TTHVES R UK AR LLGARHS]. Wang 45 A [RIFER U
FEVEENER BT BT T R Po? T3 5] CsPbixEuxCls F54ET 4K &
MR FEAK CsPbCls 992K S A RERE P 1 [T TS B CRAF QK S R R T 5 M e
O, e 1 AR B, P> B IAREES 70 AR, — e R B A 1 AR 24
ER RN 9K A RHE SZRE OL TR 2 R AL B, JoiR 2 ROt — IR
(light emitting diodes, LEDs) [N . 8%, LEDs [f) TAERIREZ N 127 °C,
B, HETIAA TR R 40K e b R #AES € PERETCVA /£ LEDs HIRH

AT A AL A KZoFs S50 90K 8 1 BE R ARAK, TG R R 5 ik
L, $ETH R IERERD, B MRS R SL 7 R AR S, AUk R AU (4.2%107
6K, fERR PR R SRS s, T R E ARG 0 R SRR
LB (Lo™) B E SR 4f-4f 7R, A5 SRR RN, B
SRR ENE, A DR AR AT B ROG RS T8 N BUA R b, IR RO F
Ao U, fE£ CaMoOs: (1-x)Eu®*, xTb™" A&, KU TO BFIMAE, SClgk
LLGIR X R SO EE, XN R T ES AR R A R EEEY. IR H, Lo’
(Ln =Yb, Eu, TbZ%§) BFHUESEA] AMXE KZnFs H1 1) Zn® 1 KF s AL A,
PASZEN KZnFs &5 1A 8505 4409
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AT T TS AR K A AR AR AE IR B 1 B PR s MEBRBE , SR FH VA 77 4
ERINE T ML BT But/To 825 (1 KZnFs TEMSERE 90K @AM KL, RGE
T IS R R AR PR E MR S . @I A Bw TV B Ak
B, ST M (Eu*': “Do— Fi BKIE, Aem=594nm, 1=6.07 us)+ £ (Tb**:
SDs— "Fs BRiL, Aem=594nm, 1=6.33 ps) P % i 15 (490-704 nm, 1=7.07 us)
MR R . AT CsPoXa 1A R, ZAMRHEDUH B EIRT Gt 18
LED TARRE (127°C) 'V, 654000 R IG5 B GRIFVIMA R 78%
H68%, T HE M R T ISR G RF R B IA 76% L b, XA E T KZnF3 £ MK
PRI 22505 ke B 0T A B AR TR RN, o B T AR R ¥ LEDs RO 3%
FHE 30 mA I IRBHIE F 20 R AORHE, HEBRIZ R (CIE) Ak
PR AN (0.503, 0.276). 4056 (0.340, 0.446) FIFEJE (0.380, 0.464), H
(35078 55 0 D 2 A HR AR e . AW s “ B R AR LRI 2R XL
HRNEG, MR LT . SRR E MRS B AR A T R

2.2 SEEGERSy

2.2.1 SERARMENEETE
KRBT R FEA R 2-1. FERSA WKL, RPVZ0 a1
SPGB EEME, JEREE— 2l
2 2 A A 3 B Y 4% L2 22,
%21 SRR

Table 2-1 Experimental materials

JEUR} kS G
AL 99% F R RERAR AT PR 22 7]
TIKLIREE 99% Fig R ATBR A 7]
FAHA KIS 99% Fig BB ATBR A 7]
THER LI /N K &) 99.99% FHFHBR B AT IR A F]
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83k 2-1
JERL B TR
Tk 99.5% FHRERE AR AT
Tk L 99.7% BRI R B A PR A
TR I i BRI e B R A FR A ]
£L4h-InGaN it F A=395 nm, 255nm ERYINT e R AT IR A w]

£ 2-2 SEIGAN AR S AR R R

Table 2-2 Experimental instrument models and manufacturers

XS AR LRSS G
TR FA2004B TEARHR LR B BRA )
AR R 85-1 FigE RS ARA A
RO TGLI16 Kb BB PR 7]
H BV IR R TR A DHG-9070A IR 2 S B AT BR A
P R TE BENL YM-040S TRIINTT 7 B e 7 A7 B A )
SR ALK ARG Smart-Q15 IR IR A

2.2.2 KZnF;: Ln*"(Ln = Eu, Th)TL$R$58A 0 AKX RS K

(1) PREX 0.4390 g /K LBREE, 4rHXT 15 mL Jo/K FHESE A, BE i b
BREEHME. WG —EREILIA Lo’ S 7% (Ln* =Eu®, TH*D), =E| T
FREEAHE 30 min T BCAIRH AT DK (A T o

(2) 4KEEFREN 0.4648 g WALER T 15 mL To/K HEE il £ 2 3 Em, TR
) ST o

(3) ¥ (2) FIBERCERIMAN (1D FIERRTRAERR S, =i e
TBAR 1 ho

(4) ¥ (3) FHFIREHIFEL AR S0mL REIUHR 20 A4 i R R M 2,
WG E TR, R T BT RN
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(5) HARHAE=IR, BO058E, @MIUKBEM—X CEERGG, T 80°C
T 24, R HIRTOEM KL

2.2.3 EF KZnF;:: Ln*'(Ln = Eu, Tb)FT$B4$55A0 41K 5RAY LEDs 2%
HeR %

5K T3 KZnFs: Ew?'. KZnFs: Tb> LA K& KZnFs: Eu®/Tb> EHVE A 4K
m RS B HUEER IR UL 1:5 IR =GR G, WS . G, xR a1y
S)iR7E S UV-InGaN &R RJEE S 1.02 £ 0.05 mm B RIRZE, T
60 °CHE 1L 2 h, HFEH N G6 LI (0 LEDs RG#ett.

2.2.4 KZnF3: Ln**(Ln = Eu, Th) 8458 W KRB EIOFRIES 1 REN
®

MRS RIS X BHERATEH (XRD-6100, CuKa 485, A=1.5406 A) FAF
IYHT . FES IRTESE K P AH B S TR B (Transmission electron microscopy
TEM, JEM-2010) K REFE A H X 141 (Energy-dispersive spectroscopy, EDS)
I3HT o RGN R 61 B H 5L F-7100 B3 6 70 Y6 e THE = iR R TS .
BRI PAREVEREHT S F-7100 B4556 70 O EETHIR I TAP-02 eyl 2 Ot 12 )
ARRAEIT AT o AE A I A O B2 T £8 FLS1000 Faas/We S i Gt 7 #r o
2511 LEDs a4 1Y UK 3 63 B ATA-500 48 il 35 KOG R S 1 o

2.3 BR5118

A AL € T KZnFs: Ln®" (Ln=Eu, Tb) JEHVEERN 49K & AL 1L
BB, B RN T ARG PL OGO 2-1 s, B 2-1 (ae) f&
ANTA R R BE T 43 KZnFs: Eu*YZ06M L KZnFs: T G006 A R L ¢ KZnFa:
Eu?/To* SEGARIE PL IR, P o B S 8 S B AR IR 43 5l 120 °C
100 °C. 100 °C. 7E PL Bl rhWi%25, KZnFs: Lo® JCHVESEE™ 40K S AR 2
S8 P B A A B P P o TR T 8 5, (224 B JH g A RTRLE 5 7 e it P X
BHTEAR . IX— IR =R T ERERE R, RO O ARG S BT 2 4

mn, FEANEERNIRE CRot) B ae s U AR AR, RAET
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P K B I A5 75 R M 5 P BRI O0), B] 21 (d-0) 2 AR [R] S R 18] R BT KZnFs:
Eu* 206 R KZnFs: To™ S8 6 KL & KZnFs: Eu?'/To™ #6H KHE) PL &,
W5% PL PRI 0E AT DLA IR S5 A BT TRV 1100 12 he B ERA™ 9PK S0 A ) AR 26 e i P52 o
SN T RT3 0 S 28 0 5 BAEAER, 3K AT VA8 S I s I i ] ) e 4, JFG 85 ot P 348
R THFSTRNES, WO TIRENE G, W TR, H2, 4
SRR [l A, A AR T AR T IR, ORI R AR BB, BN IR A
e, [EE5INTE 2 1 TSIE, RSB IGEEER TREION, R SO AR A
AT TSRS AR . S50 A ERE . BVERE It DA SR T R A R i 2 2%
f¥) LEDs & F3EAT VR4 7047 .

(@) | (O s — (o) [ =

hgx =392 nm —— 140 °C Agy = 251 nm —120°C Agx =251 nm —120°C
——140°C ——140°C

—_—
o
—

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

580 600 620 640 660 680 700 720 540 580 600 620 640 450 500 550 600 65 700 750

560 0

Wavelength (nm) Wavelength (nm) Wavelength (nm)
" _?;'h (f) KZnF :Eu®, Th* _?;‘h

A =392 nm ——16h Ay = 251 nm ——16h Aog =251 nm — 16k

8h

—_
=2
—
2505
===
—_
)
~—

0h
—24h ——24h —24h

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

: . . . : . : . . A n f : . . . . .
580 600 620 640 G660 680 700 720 540 560 580 600 620 640 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)

2-1 KZnF3: Eu?'y KZnF3: Tb* & KZnFs: Eu®/Tb* HANE & el 2 T ) PL O (a-c) A
ANF)Er I R ) PLOEE (d-).

Figure 2-1 PL spectra KZnF3: Eu’’, KZnF3: Tb*', and KZnF3: Eu?'/Tb3" at different synthesis
temperatures (a-c) and times (d-f).

2.3.1 KZnF3: Ln* (Ln = Eu, Th) TT$R$58A0 KBRS EHM O

AR IR F S IR R VA R B, la SR AL & ORI LB (Bud Al
Tb**) B2 KZnFs 20 H, B H KZnFs: Eu*"206M kL KZnFs: T 4%
e R LL K KZnFs: BudY/TO ek k. Wil 2-2 fiw, FrafEmR I R i
s I 5B TES. B 2-2 (a-c) ZRHlJE R T =F0FE S 1 XRD A7 Kl . 45
RBIR, A AT 5 3 7 A SR 451 KZnFs kR #ER 7 (JCPDS No. 01-
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072-0113, ZE[AFE Pm3m, S a=4.0550A) HEWE. 7T 20~21.88°,
31.18 °, 44.64°, 55.38 "l 64.91 "IIRHIEE 73 AN (100>, (110D, (200,
(211D, F1 (220 &l (K 2-2a-c). B AHis 7 fE (R 2-1D THHES I
FIRE, KRB ShRMEEAAEL, SRR A, (HRZEDNT 0.5% (% 2-3), £
KZnF3: Lo® Ff 5t (AT S35 ) /N FE R AR RS (A20=0.2°-0.5°), HE 2-2
XRD FTSHEANS B, XIFH T Zn? (yze=0.74 A) B T4 E KB T 420 Eo®
(Yeus+ = 1.07 A)FI Tb> (yro3+ = 0.92 A)HUA 51 AL SR A% B2 AK 252021, M G AE S
i 1 B 7 RN\ KZnFs did % H oA 51 e 45 f AR 04,
2dsinf = A (2-1)
s dAEEEEE, AN X LK (CuKa &5, 1=0.15406nm), 0 NATH
fi. K22 (d-f) A KZnFs: Eu’*. KZnFs: Tb> LM KZnF3: Eu**/Tb>* f] TEM &
B, FRAFEMB 2SI RS, & B b A B0 RO bl R 20 A 1
IS T SRLFRATIAR H X =R S PRI 23 0] 0 5.82 nm 3.73 nm BA & 4.05 nm.

(a) (b) ano (© a0
110
~ ~~ )
=3 3 200) 3 @re
5_!: @on KZnF:Eu® é 229 KZnF,:Th" S.,
=y & &
| (100) @y o 100y @iy @20 .;
= ey = =
D D D
- - -
= = =
I— o —
KZnF, JCPDS 01-072-0113
[ KZnF; JCPDS 01-072-0113 KZnF, JCPDS 01-072-0113/
10 20 30 40 50 60 70 8 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2 Theta (degree) 2 Theta (degree) 2 Theta (degree)
() R T 5

K 2-2 (a) KZnF3: Eu3' i XRD K%, (b) KZnFs3: Tb* ] XRD Eit%, (¢) KZnFs3: Eu3*/Tb**
#] XRD FEi%, (d) KZnFs: Ev*'f) TEM &, (e) KZnFs: T ) TEM &, (f) KZnF;:
Eu’*/Tb>* ) TEM &, HeddiE ki o AmE .
Figure 2-2 XRD patterns of (a) KZnF3:Eu?', (b) KZnF3:Tb?" and (¢c)KZnF3:Eu*"/Tb**"; TEM

images of (d) KZnFs:Eu?**, (¢) KZnF5:Tb*" and (f) KZnF3:Eu*/Tb3", The illustration is a particle
size distribution map.
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2 2-3 25 B T AR A TR] R

Table 2-3 Lattice spacing of main crystal surfaces.

01(°) di (mm) 02(°) d2 (mm) 0 (°) ds (mm)
KZnF3 31.17 2.867 44.66 2.028 55.46 1.656
KZnF3:Eu** 31.00 2.883 44.24 2.048 55.16 1.667
KZnF3:Tb** 31.08 2.875 44.42 2.039 55.30 1.658

NEFM LB FAEEF P NBIORE, AWFFXN KZnFs: Eu’*f KZnFs: Th**
K AT 7B N AR -RERE I F 0 AT (EDS mapping). W 2-3 FioR, Eu¥'B4t
&RP K, Zn, F ¢ Eu SGRIRHE X 405 5 FEGNR 0L [ S5 5] 23 6] 43
1, H&EICEMMXB BRI ES. K, ToXBRER (K 2-4
T SRR R SRR K, Zn, F SIS0 AHHE, KW
TR EEMBURITI S . 454 XRD K& EEETHE . TEM K LL L EDS 4¢
PréiiR, ESE Eu®, To i & 7 BRHLHHEN KZnFs JoEY SR 94K 5t it i
dr, RRINFIE KZnFs: Lo** (Ln=Eu, Tb) THWEARE 40K &A1k

K 2-3 KZnF3: B3 (a) TEM E%; (b-f) o= EG, HpanE (o) K tE;
(d) Znt%E; (e) Euits; () Fio k.

Figure 2-3 (a) TEM image, (b) element mapping, (c) K element, (d) Zn element, (¢) Eu element,
and (f) F element of KZnFs: Eu’*.
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K 2-4 KZnF3: TO>* ) (a) TEM E%; (b-f) joEMET KGR, HphahE (o) Tb o&;
(d) ZnTtH; (e) KTHR; (f) FItE,

Figure 2-4 (a) TEM image, (b) element mapping, (c) Tb element, (d) Zn element, (e) Eu element,
and (f) F element of KZnFs: Tb3".

2.3.2 KZnF3: Ln*(Ln = Eu, Th)FE$H$5 8T AR R B F1ERE S 47

BT L Eu’Y/To™ B 1 A0-AF P ERITRAVE RS, AR S0l R 1 1 428 L]
RIS T KZnFs 3 50 R OGBS B AT A Bt o 18] 2-5 J@IR T BB IR R (ngy s+ :
Npps+=1:0 A1 0:1) HIYEIEAFE: (2) KZnFa: Ew'FE Aem= 594 nm WM F A BE e
R PLBLLRIERFAE, F208A7 T 392 nm, KR TF Bud ¥ "Fo— Le HIEEAMIKE (£
R, MR K SIS LED (O A KBS B ILAL; (b)) 7F hex=3921nm
BT, KA R Eu¥ = AMEEiEEE: 594 nm (CDo— "Fi, BAERERT). 616
nm (CDo—"F>, HENERT) K 704nm (CDo— "Ey) 1031041, () Th* #5244k &
F Aem = 547 nm WEI N I TEHBOE (235-265 nm), EUE 251 nm JFJE K 415 —
4f75d" RVFIRT (f-d BRIED), s H MY T A RHE: (d) 7E Aex=2511nm
BWORT, REDEELL 547 nm (Tb*": Dy — "Fs, BEMERERE) AEWE, FERE 589
nm (°Ds— "Fs) K 622 nm (°Dy— "F3) RIS 1061, 5L LR () 58 5 2 B
P

28



i W N i e 2 DA TS
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Figure 2-5 (a) PLE and (b) PL spectra of KZnFs: Eu**, (¢) PLE and (d) PL spectra of KZnF3: Tb*".
N B B 24 K FE X KZnFs:  Ln®* (Ln=Eu, Tb) KIYGHERERIMIRE R
(K 2-6), AT RFHEL | Lo’ BxE (UL Zo B/RpHOH) BRI, 5%
BRI Bt TO> 2 JI7E 5.0 mol%A 6.0 mol% W ik B it R L fg, ##

— 1% Eu*" 4% 3+
(a) B =392 0m KZnF:1% Eu (b) B =251 nm KZnF:4% T

KZnF;:2% Eu** — KZnFy:5% Th**

e KZ0F ;3% Eu** e KZnF;:6% Th**

e KZ0F ;:4% Eu®* e KZnF;:7% Th**
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E L ; 1 . L L ; : : L . i
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2-6 (a) A[E Bu¥ B AK T3 KZnFs: Eu 8580 40K i) PL OGS (b) ANF Tb3
B AR E T3 KZnFs: TOX R0 400K i 1) PL J6it.
Figure 2-6 (a) PL spectra of KZnF3: Eu*" PNCs with different Eu** doping concentration, and (b)
PL spectra of KZnF3: Tb*" PNCs with different Tb3* doping concentration.
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mol %l 2 JEAH X SR EETA B e KA, 3B B AR SR RIS, R ST 5 BT A1
RIEET EVEFEE, R0, ORI RN, 4 EuBR
IR ET 5.0mol%IN, Bl B B Pk EEH N, BB T HMZ, & 1A E4E
N, SEGEREER, NGRS K, 56 E RIS, £54 Dexter At 4%
B0 1081 (b)) SRR (T E 6.0 mol % 2 Yo AH X i B I 2 fe KA,
WEB R SETOLRE TR, XIART To>-Th> X M2 Wi 5k KAEEH &
EIETE WO X — 45 SUIESE T IE I RS AE RS Lo® 452k LU T el e R i 2 A
8, NEEREFOCA R R BB IR AR AR .

BT I I ES T LB TR, AT 7T 4k SR 1% Bu® /T3 BE IR B (ngy s+«
Nppa+=1:1 % 1:40) SEIL KZnFs TCHVES R 90K I 2 B 0O6RTE . il 2-7
Ry fE Aex=251nm KT, 35K R PL 6k LIURFEXUR S0 (1) Eu*' i
SDo—"Fy (J=1,2,4) XRif] 594 nm. 616 nm LA 704 nm $E{EIE; (2) Tb )

-

SDs—'Fy (J=6,5,4,3) P24 490 nm. 547 nm. 589 nm A1 622 nm K 477 1H
FERMZ, ngyeenpe+=1:25 B, Bu¥*7E 594 nm bR S50 B I8 B i K EH, B
Npys+ Mppe+=1:1 I B ZHETE, X JF K F T3 87 0] LUEA Bu® B8 7 1Rk,
KA TO — B (R AL I FE, 50 Bu® 887 126 R 10 100, @it g 5745
Zebb-ROGHRFE MBI, R S LLIGIX & 3506 X B 6 IX gL (K
2-8), SEBOAIESL § BT b R YA 48 PR VR B RURRR A

Agg =251 nm oo : ;
1 — 1 10
£ —_— 1 15
— 1 20
—: 25
—_—1: 30
F — 1 35
— 1 40
3 i
=
«
N’
l_h
g t
= A
L]
L L L L L
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Wavelength (nm)

Kl 2-7 ANF ngsenpe (1:1-1:40) EEBITR KZnFs: Eu®Y/To> REYES B0 44K A ) PL K]
i,
Figure 2-7 PL spectra of KZnF3: Eu**/Tb*" lead-free PNCs with different ratios of ng,3+:np,3+
(1:1-1:40).
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Eu:Tb¥*

1:40 1:35 1:30 1:25

Bl 2-8 A[A] ng,a+inp,s+ GBIR KZnFs: Bud/To> BEVES AR 9K i 7E 365 nm K AMT HRSS T
MR o

Figure 2-8 Luminous pictures of KZnF3: Eu?"/Tb?" lead-free PNCs with different ration of
N3+ Npp3+under 365 nm UV-irradiation.

N T PR TG R RO S BN D15 E, AT AR T KZnFs:
Eu’'. KZnF3: Tb* L f& KZnFs: EW*"/To> MRHR G v, W1 2-9 Fos. S236%
YRR, TR SRR 2R 5 7 G XU B el s 7R [,

I(t) = Le, " + Le, (2-2)
A IOFREICRIE, ¢ NNHE, 0. o NARFRFERA D 5, LA L R R
PRIERLE R B A HE S 1, KZnFs: Eo®' KZnFs: Tb* & KZnFs: Eu¥'/Tb**
TCEYAEERT 442K S AE 594 nm. 547 nm LA K 594 nm &b P37 4 © 43 BN 6.07 ps-
6.33 us 1 7.07 ps. ARIEIHFLERKRIL, Bu®/To> WS HT 13 3 ghk 4 kLT
B9 ez ar R Eu’ Bl TO B 2K, JHET Bu®/To B HEL T, To*"
— BuP' e B AL K T AR B AR, AR SRR I s 1B, X R
SIS HEME P S 2 AN HI O S BE R FEAL.

(a) (b)

Ty = 607 s T =633 s Taog = 707 18

—_
)
—

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

2 N N P o9 L L " L
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K 2-9 (a) KZnFs: Eu¥*, (b) KZnF3: TO>F1 (¢) KZnF3: Eu¥/To>* LEMS N 9K 5 1%
HeFF P 2

Figure 2-9 Time-resolved PL decay curves of (a) KZnFs: Eu*, (b) KZnF3: Tb*" and (c) KZnFs:
Eu*"/Tb3" lead-free PNCs.
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2.3.3 KZnFs: Lo*'(Ln = Eu, Th)TT$R$58T AR MHAREME S

TESR AR SEFR R 2 rh, v M R R A el J@ i Ap
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] 2-10 KZnFs: Bu* TCHYEERE 9K & (a) 7F 392 nm ek N AN EREEE R ) PL Y61,

(d) 594 nm ALFAXT R IGIRE; KZnFs: TO TCEVESERE 499K &, (b) 7 251 nm Ye#R FA

A FE IR PL G, (e) 547 nm ALAHXS K TRAEE; KZnFs: Eu®Y/To> LAV ES AR 9K i

(¢) 1E 251 nm YR FANER R 1) PL Y6151 (f) 547 nm, 594 nm /% 704 nm AbAH %}
KGR .

Figure 2-10 PL spectra (a-c) and the relative PL intensities (d-f) at different temperatures of
KZnF;: Eu?t, KZnF3: Tb*" and KZnF3: Eu?'/Tb3" lead-free PNCs.

FRILH S PUARE KRS, Hom i AR E VR B2 0 T LuAG: Ce # k. %44
BHERTL N (5100 °C) 2 7 1 st 0l R A IRAG BRI, o 1 CEHA R I

AAEFE MEIR S, AT R G I SENE LEDs 2 fF 54t 7B Mds BHE v 505 .
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2.3.4 KZnF;: Ln*"(Ln = Eu, Th)TL$B$55AH 9°KEAY LEDs 32491

VAl KZnF3: Ln®® (Ln=Eu, Tb) 49K & ) [ 25 WG BH B FHIE ), ASHiE e it
T T KZnF3: Ei** 405 R-LEDKZnF3: To> (4% G-LED & KZnF3: Eu?'/Tb>*
{5 Y-LED. Frf3as (i maoR ikl (EL) MEPRBIHZE S (CIE)
AR AN 2-11 FioR: (a,b,¢) UK (EL) JGi&EIR, R/G/Y-LEDs #sfFi]
FRIIEE PL G AL A — B, UESEE R R AR SR A AR M, A
72 30mA IXZHIR T R-LED. G-LED LA Y-LED HSE¥E frs (d,e, D Z3ol2
AR EE 30 mA KRB HIR T R m 4% 0% : R-LED. G-LED LAz Y-LED oA
FRE 5514 (0.503,0.276) (0.340,0.446) K (0.380,0.464) . iX L2k LK BH, KZnFs:
Lo¥ TCHVES S0 9K S B2 — R R SBR  R e RE, & & F T B A B 7R 4
7

(@) | uv chip - (b)|  Green phosphor power - (c) Véilow phosphior power -
-~ = XY
= = ]
& & &
z Red phosphor power 2 2
2 ] 2
= £ £
- | 2
n " | i |

350 400 450 500 550 600 650 700 750 450 500 550 600 650 700 750 450 500 550 600 650 700 750

Wavelength (nm) ‘Wavelength (nm) Wavelength (nm)

(d) 0.9 o

2-11 #£T KZnF3: BV HEERZ0E LED (a) EL JG#EA1 (d) CIE 1931 B AAFR; KZnFs:
T 2H3E %456 LED (b) EL JGi%A1 (e) CIE 1931 i AbbR; FET KZnFs: Eud*/Tb3 4H 3
HI3E 6 LED (¢) EL YRR (f) CIE 1931 tfZ AL bR, (BETEITE 30 mA Ra) HE i Ar

). FEE A8 30 mA KB TARIRES TG, 49% K # )t LEDs SEYIE Ao
Figure 2-11 EL spectra (a-c) and chromaticity coordinates (e-f) at the current of 30 mA using

KZnFs: Eu**, KZnF5: Tb3" and KZnF3: Eu?*/Tb3* lead-free PNCs, respectively. The insets are
photographs of a working red, green and yellow LEDs at 30 mA current.
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2.5 KRG

AT U I IR R U RV TN R T2, D4 T RSN ES R 9K i
KZnFs: Eu** (Z00%). KZnF3: T (401%) PAK KZnFs: Ev’/Tb* (B . @il
i 188 7 U [F145 2 LB 3T 5 A KZnFs T8V ERT 9K S AR 244 B A0 T 32 -
H45 Eu’t (5.0mol%) B, 7E hex=392 nm Uk FroERHMEL Y (hem=594 nm);
To LB 51 RIOR KN 251 nm (4£-5d BRIT), 34 ngys+mpps+=1:25 I, SCPEE
SR (594/547 SELAFAE); B985 T (6.0 mol%) ARG B HILEYE (hem= 547
nm). T4 KZnF3: Lo* TCHVES S0 90K S AORMA It R 47 1) #4 e e M RE, 7 LEDs
TARIREE (127°C) F, 4% (594nm). £ (547 nm) K #HE (594 nm 4143)
RICHIRT 58 23 T AR FF 40 °C B SR EE(Y) 78%- 68%A1 81%; KZnF3:Ln* 9K K
TGN E AR BRI 2, B AT FARBIZ0G. 806 K BRI
BN 6.07 us 6.33 us A1 7.07 ps. FETZ006 KZnFs: Eu’'. 44 KZnFs:
Tb* LA &3t KZnF3: Eu’/To TS SR 9K St 20 3% LEDs #5345, FrfS EL Jtil
5 PL JiEAH—2, Z2IsHE CIE fAbfR: 2006 (0.503, 0.276) £kt (0.340,
0.446) LA 30t (0.380,0.464), i 2 [H A MBI CIRE R, N REDE AT EDT
KA T W7 R
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58 3 & KZnF3: Eu®, Tb*/OA 3BT MKBBI BT
M RERT ST

31 5|18

BYEE PG ERY AR A DN L[ AT ) ARG E P S R e EL AT 1S AR IX
MR ARG . N T il RaX — [, WFFE 2B BUD TP RO IR . IR pitE B m B
LRI ORI TC Y ES KA G oK b 20 2 SR B ES BR 4 K S R 2RI A
ABX;3, AB2X3, A3sBXe, A2BXs%5 (B=Zr, Sn, Mn, Zn, Ln, Sb, Bi, In, Ag
o HA XL FIRI IO ANR bR R FL A0S (' FL R BE AT A 58 A S
BN B TR A A4 R 22 230, i R T A A B K S AR HL T 2
JCEAPENT LK 25 b L IR I 7T, AT DAR K i 2 495 B ™ 408K ) S AN 1T o
#iltn, Cheng 55 AJT AR H CsAgals B5h, T LUK BRI B (0,
7 R PE R S DA HRAAIN 85 777 T Y B g4 [EJ I, Wang 5% NG I GE NI %
H T B4 CssTmCle DK, HAZAKFAE 440 nm KEFR I H 58785 8506 At
U1, Yuan S NBRIE 1 —WUE ERIDF SRR, ERIENEG CssCuals: K'Y
KERE RS, AT KB, AR 7K SRR s, XLt
FUREFEAR SR Y o 1 2H 0 T E AT RE TR AE 5 R M4 A G P e D T ) B EAE A

55 WAL B LS BAC S RO B L, SR 75 7 RE B A
%, MERARR N BRI LRBUN, HIOUReREE . R, AL
R re P LRI JE ik P B L A LR R e A B ik . DAL, SeAe P i A AR A Bk
AN i B2 AR o JLER R, B 22 O 5 DY AR ORI FOE RO — R (WLED)
PRIEAR I RE . Heie iR . AR K AL BEM R IR AL, SO B
WY 227 128, FRT, R A PO R ESR AR B LED (SR SO T, it
A AR GOk B AU, BRI STEL F BDOGAE 5 T A AR A
BAE SR H R P AR — S 2 . D% LED B iR K il & i,
NIRRT R, FTRE 2 NIR AL RE O, B TR, 7™ E AT
RE I A RPN AT IR B, JCHGR N 2 NN LE R BRI, g, 50
Hoy 22 18] (0 0 P IR SCRTEE RY Ji 3 Joit mh RCTE 1) i, 3 PT RE9 20 WLED 2GR A R B
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(311321 30 LED O Fr B AR AE IOMORD il J, YUK 1 A 90 538 R R T2
' B F P R 458 A 8 UK B 4 B SRR D kD R SR « #5444 R0 3R (RE)D
I KA R MR HE 2 BRT (4f-4f WIRIE), XHRORLHI R N, FEASTEA
AL BRI AR, RIS I B A R R e U8 EAE R 2, REYEF (RE
=Yb. Eu. Tb%5) [ LB Zn?"Fl KM @RS AL AL, MTTTE KZnFs W SRBA 215
THIP,

FEME, AT —FEE . HARIE TG B EH % 7 KZoFs: Eu®,
Tb*/OA TCHESERN 9K i 1ZIPKEBTE 375 nm SEAMEBEUR T AT UK H B 1
Fobe 7E375 nm WK T, W AOSR S B 2 10 A e, B4R — AN B iy W' R S 0
(425-525nm), LLJTE 545, 594, 619 Fl 704 nm Kb fIR 8K & . KZnFs: Eu?,
Tb**/OA TLEYESERN 9K i BA R FoE e, m#E] 120 °ClF, 495, 545
FT 594 nm W PR REL X 38 B 23 AR T 40 CCHILRTEID 60%- T0%F1 90%. &I i
flittA 18.33 ps. MEIEAELANSH (A= 375 nm) iR ARt KZnFs: Eu™,
Tb>*/OA TCHYESERT 9K i, 2HA% 7756 E B B2 i 22 (CIE) B B A BR 0 (0,336,
0.333) ] WLED 28fF. Fr& il KZnFs: Eu®', Tb*Y/OA A AR ML, &
& RAFHRFaE M, w7 RME N —FaT AT FROG IR HE B R R R A LA
TE R AT 5%

3.2 SCIGERSy

3.2.1 LWHRBEUTFREZ

AR LR E R ILR 3-1. FERF U, RPFIZEHITE
LA BRI, IR aifl.
A P AR AR B 5 5 FE AR
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*® 3-1 SRR

Table 3-1 Experimental materials

JEk} B AP R
AL 99% R RE R R A R A F
ZIKCIREE 99% FH IR AR AT
HMHHMD SRS 99% R ZRIE R R A R A F
HRREL) /S K& 99.99% EHF R AR AT
TR 90% R ZRE R R A R A F
To7K 99.5% B IR R R AT PR A
ToIK L 99.7% R R A R A F
Ei 5 TRYIT e R BR A A
Hh-InGaN By A=375 nm TRYIT f B R BR A A

3.2.2 KZnFs: Eu**, Tb**/OA ToSBSEEH KBV E R

¥ 929.60 mg FHALFHEARLE 30 mL HEEH, EER NIESGEHER . 70 3
878.04 mg —IKE LBREF 87.12 mg N/AKAHIREL (IID A1 2.82 mg /S/KA &AL
i (D 584V MRAE 30mL Bz, HRESMREHER. 5, EERESH
T, FZIRSERCEE I FACE R T . S, K 2mL MR (OA) FIAR
Y, R 1 he HITREEE R 2] 100 mL SR VYR LM A R OV 26
t, EEEE TERMAE, EFN TET N . BRR IR ER, @EEEO
S ERTR Y, APRUOKBEM— IR CEESRG S, T 80 °CT)5 24 h,

3.2.3 EF KZnFs: Eu®, Tb*/OA TeSR4EEER MK EEAY WLED 43

#1153 KZnFs: Eu®’, TH>/OA TCEVESERE 9K fb 5 G HUEER A LL 1:5 B &=
tLiRA, RO ESS). W, BiZR S EIRE S UV-InGaN O Fr R L
JERE A 1.02 + 0.05 mm HEZERHIRE, T 60 °CHEL 2 h, ZHEEH WLED &
HegstE.
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3.2.4 KZnF: Eu*, Tb*/OA T3R5 T MK BNEHMRIESHRER
{E

FE IS5 KK FEL & Cu Ko $E%R SR (A= 1.5406 A) ) Shimadzu XRD-
6100 X ASFME L AR 27 A6 IEAL (FT-IR, NEXUS) 04T FEE zeta HLAL
AL (DLS, Zetasizer Pro) J3#T. A i TSR G 3 20 A b % G L7 i
i (TEM, JEM-2010) Al X S 406 TREWX (XPS, ESCA-LAB 250) 73#T.
WOR TSR 1 2 A P L4 450 WD 9 H 2 F-7100 5643 Y6 Y6 BE T4t
FE L AR E P2 HH H 32 F-7100 520650 0OGEE T, [RINBC B FH () TAP-02 &
T 5 A | AU B () o 5 RN (] 43 9% PL S st 2kt 92 T 68 FLS1000 $24t. H
FURJ G EE PR I RS (HAAS-2000) FREL.

3.3 LREWiL

B 3-1 B o 1R 52 AN [R] S iR FE b AN [A] S B2 8] R BT 43 KZnFs: Eu’,
Tb*/OA TCHFSERT 4K Akl PL I o B S0 B2 T (LR 3-1 Cad),
AR I PO BREE S BT, BEJE o TR OB T Rl 001 sz 45 SRR W,
B BOZAK AR B A SRR 4 100 °Ce 8] 3-1 (b) W& 7R 1 ORI TE] X 1%

(CY Py— o L)) P R

100 °C =——12h

120 °C =16 h
———140 °C w20 h

Intensity (a.u.)
Intensity (a.u.)

450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

3-1 KZnF5: Ew*',Tb>"/OA TCHYVESERH 9K () ASFEG EGEE TR PL YGIER (b)
ARG R 8] N ) PL G iE

Figure 3-1 PL spectra of KZnF3: Eu?*, Tb**/OA lead-free chalcogenide nanocrystals at (a)
different synthesis temperatures and (b) different synthesis times.

AR AR SR LN o IR RT DR, B SR I ] FRES, 148K di i)
ORI R ILSE I 95 PR AL AR, B2 iy i AR SR s PR TR Fl ARG (] 2R 25 )
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Fraliion, g5 1R, gk MR RN TECA 12 he T C4kEEnt i fdE &
AL R TS RE R BTESE . S50, JeptERe . B e M DL R T b R iRl 4 2k
'] WLED 284447 VE40 7917

3.3.1 KZnF3: Eu*, Tb*"/OA FSRISHUN PR ROTRSEHR I

I B AR R AT AN (FT-IR) SR FEMER (OA) M KZnFs: Eu’', Tb*
Bk A i 2B AL (B 3-2). B 32 (a) SEonfsE OA (a). KZnFs: Eu',
Tb**/OA (b) K KZnFs: Eu®, Tb* (¢) X =M i) FT-IR 1% MEIHTILLE
t, 40 OA £ 2923 1 2850 con™ X P B B 7 AR SR RFAE G, 73 )% L)
& CHy AR AN ARG SRS« 7341, 7E 1710 em™ (C=0 i), 1459 cm™ (O-
H D 11290 cm™ (C-O Fifft) ax Loy B A H B 7 AR B [y l134-1361 SR a
b. ¢ =% FT-IR fhzk, KRIEHILZ b (KZnFs: Eu®', Tb*/OA) 1 L n] LAE 2
2923, 2850, 1715, 1467. 1308 1 1249 cm™ AbA7/E W B I FRzhIE, H 2923 1
2850 cm! At CHa f4RIE A B BAWt%, (H C=0 Migifkshig (1710 cm™ — 1715
em™) Fl OH 5 f PR 5HIE (1459 cm™ — 1467 e [Al = $As 50 . BL4F, M KZnFs:
Eu®’, Tb*/OA ) FT-IR #h£E _F A5 F], 1290 cm™ AL C-O fH4EIETH 2%, 1308 Al
1249 em™ 4b LA BTG . IX— 45 FAIFSE TR EB B T2 M EA TH K

@ g (b)*
- - 25+
o
Q\ >
~|bp KZnF;:Eu™", Th*/OA £
8 -’
= s
= 1308 1249 E=]
E =
g 171547 s
£ 1467 e
g a, 251
ola 0A 8
= ]
VW;:SS‘) 1290 N 50
e N )
2923 1459
1710
-75

4000 3500 3000 2500 2000 1500 1000 500

3 KZnF:Eu*,Tb"  KZnF,:Eu™Th*'/OA 0A
Wavenumbers (cm™) 3 ¥

3-2 43 AN OA. KZnFs: Eut, Tb* LA M KZnFs: Eu®*, Tb*/OA 1) (a) FT-IR Y&i&Fl (b)
zeta HLA7 T ELIA o

Figure 3-2 shows (a) FT-IR spectra and (b) zeta potential comparisons for OA, KZnF3: Eu?*, Tb3*,
and KZnF3: Eu?', Tb*/OA, respectively.

BoAy, B OA T K Tb-O/Eu-0 8 5 T /Eud b F 8 & 137141, Zeta HAAV [
ME (K 3-2 (b)) WM TH iR . KZnFs: Ew’, TOE £ 5 F/K R 1 1
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B, OA NIAFRERAIFIH (-61.66mV), —H4EJE, KZnFs: Ev’', Tb*'/OA KIF
T FEL ] A B o DR AR, L XPS %idiE (P& 3-3) Hia] LU 7 KZnFa: Eu®', T3 /0A
TS ERT 9K fb FFAELE Cls. Ols. Eu3d A Tbad I, HE—BAEM 73X —4518.
X ERITFTIA, OA F KZnFs: Eu®, To> F5 460 9K it (]38 d Tb-O/Eu-O F# T
FHT I AAL SR AT &

(2) - (C) o o
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Figure 3-3 (a) XPS survey spectrum of KZnF3: Eu’*, Tb*/OA lead-free chalcogenide nanocrystals
and the high-resolution spectra of (b) Cls and (c) Ols.

KH X HEATH (XRD) FUEHH T 278 (TEM) KERIAE KZnFs: Eu®,
Tb*/OA TCEVES AR 9K St AT R PIAE Z5 W RITESARAE (B 3-4). M 3-4 ()
HRT U Y 129K S ARG 58 R 4G A S - XRD ATSILE 260 Jy 21.88°, 31.18 2,
44.64°, 55.38 °Fll 64.91 °4b, 43 XS BT 3775 A KZnFs TREMS SR 44K & (JCPDS
No.01-072-0113, % [&# Pm-3m, a=4.0550A) ] (100), (110), (200), (2
1D A (2200 gaiil, HiXEiE SRRy B2, XRY] Eu®/To 1)
BT KZoF; @it B . 8 AMEA SRR, BRATEA WEEIF OA F R MIAT
G, X REMRAE OA AN 1 B B A St AR TR, T2 A B R B R AR L, T
AT A Ak, BRI KZnFs AHLG, XRD BATSHIE L T B2 0% A =
TSI . X8 T8N Zn® (0.74 A) FRERECKM Ev® (1.07 A) Al
Tb*" (0.92 A) WU T, M5HE 1 &g RIS 42, tesh, B B’ /To* #5
AR K (138 A), i W] Re it — P ik a5 H) e AR i AR 1143 1441 €] 34 (b) 2y KZnFa:
Eu®, To*"/OA ZK A EHK TEM B, BRI UG, 2R HESL 7 4K
BORE, HUSEAE 5.7-7.1nm 2 [i]. DA FIXEESRAELE R, FLFEHE T OA 5 KZnFs:
Eu®, TO* A RN 40K s 2 (R8I A 22 L, T R — b B A A &40 o

40



(@) a0
=N 200)
=
)
N’
g aoe) @1
7] @220
=
Q
2
=
=
3
KZnF, JCPDS 01-072-0113
Dol e let ters
10 20 30 60 70 80

40 50
2 Theta (degree)

K] 3-4 (a) KZnFs: Eu*', TO*"/OA TCEHYEERE 9K 1 XRD %K & (b) TEM K14

Figure 3-4 (a) XRD pattern, and (b) TEM image of the KZnF3: Eu*", Tb3"/OA lead-free
chalcogenide nanocrystals.
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(a) Fi7R, 7 594 nm K FAGIIEK PLE Y6tk 3ok 1§ K N 375 nm, X
F BB T 1 "Fo. — 3Goe BRIENSY, B 3-5 (b) IR T 375 nm UK NI PL )%
. MW PLOGIHE, ATRLISE S F R IEAL T 495 nm 4 (Tb**: "Dy — "Fe) I
T YR ET (425-525nm), 545 nm ALIGEER ST (T SDs—~ Fs),
594, 619 F1 704 nm KEHIFRFE R ST (Bu’™: Do — 7Fj, J=1,2,4) 146198],
I, ZACK R TE R IR IR T 22k B Ok
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3-5 KZnFs: Eu**, Tb*'/OA LA 9K 1) (a) PLE JGIEA (b) PL Jif.

Figure 3-5 (a) PLE and (b) PL spectra of the KZnFs: Eu*", Tb**/OA lead-free chalcogenide
nanocrystals.

N TIRN T i KZnFs: Eu®', Tb"/OA TCHVESERN 9K S AF L 622, 78
375 nm ZA4MGECR Pl T KZnFs: REP (RE* =Eu?!, TH*", E*Y/Tb*") Al KZnFs:
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Kb, JEHE TV BT Dy — "FsBKIE. 1M7E KZnFs: Eu®', T LB Ak R,
WS Bu H To e, SeBl T8kt 454 PL IS, AR
7E KZnF3: To** 1 KZnF3: Eu®', TO* 4K AR, 76 495 nm ALA77E RIS I 4 5
I, TifE KZnFs: Eu’*, Tb>"/OA ToHVSERT 99K, 495 nm ARSI 58, H.
HH B T Y B T R SR UG (425 - 525 nm) o SX S RN OA R4 JR B8 7 R A2 M,
JERT Tb-O BehideE, (23T To BT 1 *Ds— "Fe WL MIMBINEILT 375
nm E5MGHUK A OA BRI BAR DK b kL. tk4h, B 3-6 (b) AT LA
L, BE R AR 2 e iR T 22 B OA MR LI DIz s i i . 3X°h OA RE s
T Tb-O BRI, FFRESE S "Da — "Fe WEEMRCRAL T H LR .
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K 3-6 (a) KZnF3: Re** (Re**=Eu", Tb*, Eu3*/Tb*) Fl KZnFs: Eu’*, Tb>/OA ARGk
KA PL 61, DL () A OA F &1 KZnF3:Eu¥', Th*/OA 9K & PL ik
Figure 3-6 (a) PL spectra of KZnF3: Re*" (Re** = Eu’’, Tb*", Eu**/Tb3") and KZnF;: Eu®',

Tb3*/OA lead-free perovskite nanocrystals, and (b) PL spectra of KZnF3: Eu®*, Tb**/OA
nanocrystals with different OA contents.

N T B 495 nm AL & SHE T Tb-0 231, XHRE BT AN AR pH 18 AL
#. 3-7 (@) FniRAE pH 43 TR EREm I PL K%, AR s3I
pH A%, 495 nm FEEGHIEHIRTS, ZIRIAR F IR IESR T Tb-O 5y
fil R BOROGIREENRSS . FIRZE FAEM 1AL T 495 nm AL BT WO K I (425 - 525
nm) YT Tb** 5 Tb-O BLA 25 I FRRIT. B 3-7 (b) Fiasfs2 KZnFs: Eu’',
Tb*"/OA TCEYES R 9K fh &R N 4056 *Do— 'Fi BRIE R PL 32kt 28, a2 gl

LR T I DR RO R AL (30 2-2) WA, 7R 375 nm WUR R, 594 nm K IE
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Figure 3-7 (a) PL spectra of the KZnF3: Eu*", Tb*"/OA lead-free chalcocite nanocrystals under
various acidic pH conditions (pH = 1.5,2.5,3.5,4.5) and (b) fluorescence lifetime decay curves.

3.3.3 KZnF;: Eu*', Tb*/0OA FT$BEEAT PRk mpORR M 547
PR P AFE e M2 LED SEPr M H I EES . K 3-8 (a) Eon T 1E 375

nm R N E M 40 °CH 5 2 140 °CHf KZnF3: Eu®*, Tb*/OA ToE 5 ERH 20K &

B PL Jtitt. & 3-8 (b) Eox 1 495, 545 1 594 nm K STIELE ARG E (40 -
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Figure 3-8 (a) PL spectra of the KZnF3: Eu**, Tb**/OA lead-free chalcocite nanocrystals at
different temperatures under 375 nm excitation and (b) relative emission intensity of the main
emission peak as a function of temperature.
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BRI 0, (EAVER KR, £ 120 °C I, 495, 545 Fll 594 nm WEFJAEXS PL 5
PG BIAREE T ILAE 40 °C IFHT 60%, 70%H 90%. XLELEIREW] KZnFs: Eu,
Tb>'/OA TLHEGEE 9K ft B s B E 1%, /8 LED N A B R 9 2

FHAT 5

3.3.4 KZnFs: Eu*, Tb*/OA F$BE5EAR KA WLED 3¢5 #h

NYAEAT B RS B, KZnFs: Eu®', To*/OA To8vESERT 98K i B 44 5
B RGE R b, HEET WLED #4F. Bl 3-9 (a) Ani EL St #78, WLED
(KR S 5500 R ST sE W4 o FEEEIR T 30 mA IR IR N TARRES
WLED & H W58 A6 seid /i, L CIE 1931 E 4845 (0336, 0.333), U0
K] 3-9 (b) Fim. IXUEHFFLLERE, KZnFs: Eu®', Tb*/OA TCEVESERE 90K i
AT A S ] 2 S A 5 7 I PR o ) v 2K R 1 6 K

0.9
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e 0.6
..3: 500
2 0.5
S y
g 0.4
]
= 0.3
0.2
0.1
450 500 550 600 650 700 750 =

0.
Wavelength (nm) 00 01 02 03 04,05 06 07 08

3-9 3T KZnFs: Eut, TO>/OA TCHYESERH 9K i il 45 1) WLED P RERAE: (a) 30 mA
IR EIR N EL 6% & (b) CIE 1931t ARFR. 4% 30 mA LAEH IR N WLED 5K
.

Figure 3-9 Performance characterization of the WLED fabricated with KZnF3:Eu’", Tb*"/OA
lead-free chalcocite nanocrystals: (a) EL spectrum under a driving current of 30 mA and (b) CIE
1931 chromaticity coordinates. Inset shows photographs of the WLED under operation at 30 mA.

3.4 KENG

PATIE I — P 1) 8 A IGE I & R T 7 Th-O it Az 3% B /1) KZnF5: Eu’?,
TH>/OA TEYVES AR 9K - iZ 40K S LE 375 nm S AMGIUR T & ISR A6,
FHRI B AE P Fa e, MR TS 120°CH, 495, 545 5 594 nm K 5T

FHNF PL 3855 43 SR EE 40 CCHIERME I 60%, T0%F1 90% . 18 i XU 45 %k sk 24004
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e 7P 18.33 pso FIFZEAH 690N, RIh4A3E T WLED #
1, £ 30 mA TAEHI T CIE (aALFRA (0.336, 0.333), iIXEL5E LK B, KZnFs:
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£ 4T BT KEuFe PREHNE KA ESCEMREMR

41 5|18

TR, ETHERE KUY (CsPbXs, X=Cl. Br. D 90K E AR
FRESARRE, IEDRER R T2 (PLQY) 45 K UTER 8 K 96 1% vl i M 2%,
WA HE B 5 7R U L 77 R RO RIS 13T, R, 4 1 B M AT AT B
A AR E M E L) TR BT 5 (QDs) FIR LAk EREICT, s b S k™
AR AT R BRI, X AR E MR E I E R R, A A A B 40K A
BHZHNZFIMNBEETI, Wda. A Koy, RHERADT, Fitk, FHLH
HARE BB AR SRR 5 & S8 B AR 4 1 ok M Re 2 o — AN 5Ra
(RIF S R

Hl, 7 CFH 2 MR 68 B 75k & R A R 4516 1 JE 8y RO
Bl Hltn, KA -HMEBEE T (mSn?, zn®") E=MicE (I Sk, In®) AL
P> LA FARAS SR FE 1, [FIRHRAF CsPbXs (X=Cl. Br. D) £55kH™ 45 B F Bt
RF AR A S5 4 (T FA0.9Cs0.1SnI3+ CssZnCls B R CsaNalng.o7Sbo.o3Cle) 155160,
BeAh, BAREER AC MR AR B TR S NESER T, DU AR
AN (UV)L ATIDOE (Vis) KITLLAMGHE X (NIR) FUHRFAE A SO 1621, 45y,
Yao & NiESE Eu™ B 2% [) Cs:NaBiCls 49K fa A I 7 591 A1 615 nm AL 2 I Eu’*
[¥1°Do— "Fy (J=1, 2) SEELIGRST, IR T HA G R s R e
B AL MBS AR K AR IR R UL, Cui G WK BT TOE T EIA
CsaAgInCle 49K i 1A LASRAS B RS 1T 7 UG BRI S #1104, R BIF 03 e sk
BUIT B ERD 9K S R B M IR SR T AR e 1, (EZ 7 Mt R IR . 8
LED #4F TARIRELN 127 °C), SRTEUA TCAYES Sk AR} B e M v
5 & LED %1

FEIG, FRATTRFH 6 PR LR K 7K FAGE 1 G B R TG B HLAAER 8 AR 53 1 32 75 A
KEwF i3 99k i, HEA R R AR . 29K ATE 350 ~ 550 nm 2K
TR N RIHRFAEL e . MR KA 394 nm i, ATWIEIAZ T 594 nm. 618
nm. 654nm A 702 nm [FJARELR FIE, H CIE (AfEAAR N (0.632, 0.367), S5
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FRFRAEZLOG CIE A (0.67, 0.33) o9, RN KEusFis PUK S RBLH R 47
PAGENE, BIREZTHE 200 °C HOGEUR AN SR AT R4F 20 °CIY Y 72% /5 44
HEERE (20 ~ 200°C) J&, AHRFZROGHREEAHE T 50— IRBVEA LK
A5k KBuaF i3 9K fb 75 5 — IR SR = IR A )5 (1) XRD FHIERT SIS 20 °C
SEAFART; £F 20 °C #1180 °C T KEusF 13 49K 5 i 58 Y6 T8 F5 v 43 79N 2.10 ms
A 2.04ms. FETZALORICHKE, FATELINOGE R (A=400nm) AL
TE6 LED #4410 AHF T RIS T — Rl R AT HR S FAR E M 216 R R 1
TG & A ANK A, N A BRI AR A T R

4.2 SKIEERS

4.2.1 LRHRENUIEHF
KRBT R FEZ R 4-1. FERSN L, ZPV2E0 a1k
R EEMER, Rt 2Palith.
PN [ SR O 8 5 - S = i i 8
% 4.1 e ek

Table 4-1 Experimental materials

JE AL Frs GRS
FALH 99% R R AR PR A
SR 99% iR R AR PR A
A 98% IR A A IR 2 7
T i P H RN e R PR A W
K IP-InGaN i J1 A~ 400 nm ERYIT fE PR AT BR A 7]

4.2.2 KEwF i fKGEAHI&

KEusF 13 9K d il i 2 68 T (8 /K A BE & . 4 0.183 g BuCls ¥y KRG T
20mL £ 7K. [, F 0.504 g KOH F1 0.222 g NH4F ¥ K fRET 10 mL 2=
BFKF. )G, 4 EuCliEBuE MmN FIRIBA T, P s e =i T s
PERE L ho 2, BHRSWEMIERE 60 mL BIUR MG, S T A 54N

JERMZEA, FERA A T RO B B AR H A iR e B0
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FRAGTEW), LUK —IR CBEE G, T 80 °C T4 24 h.

4.2.3 ET KEwFi: R BEALSE LED BYLE SR

KEusFi3 0K SHEM AR 1:5 R IRA B R OR824 . KRG
BT ERAINRE InGaN B3R, 60 °ClEfL 2 he ZEIMPIEEMEEEZ N 1

mmo.

4.2.4 KEwF: PR ENEMFRIES 2NN

SKIGE X HAATH (XRD) EE R HEC A Cu Ka F85HE (L = 0.15405 AD
f) Philips X’Pert {28 K4, FAfEE 20° £ 60° . EoPFRFDHES XRD %
T RO AP AR S 36 E (ESRF) ID31 JEZRSRAL, SLIRHE A, A4 X
WEREE N 75.00 keV (A =10.1653 A), K Pilatus CdTe 2M R #5 i EE 58 5 {5
5, FERMERINERERZ 1.5 m. @i GSAS-II #fFHET Rietveld FEIEAENT
KEusF13 99K fh 1) S AR 25441031 BPRIE S 5 S50 K HZE S i 7~ 8 (TEM,
JEM-2010) FRAE . YeBUR e (PLE) Yt . &5 (PL) Y61l & & F 5= % (PLQY)

LA 450 W RAT B F-7100 585670 0606 BETHE =R N illik. I [A) 73 9% PL 5%
%I 2 Edinburgh FLS1000 R4MIE, HEBUKIG (EL) Jhikisid HAAS-2000
PR e B R SR

4.3 BRI

AU IEAZ S0 H € KEwF 13 49K S UG & S 808 140 °CHI 12 h,
H RIS R AT A PL GG WK 4-1. MK 4-1 () HAaTBLEH, BE
SSLRBE T, KEuaFis 0K d K 58 G0 B2 e 88 N J5 SCREAIG, 302 il Tl A 15
OGO I ARSR S BRIT M ZS G N, 5 BOA R 1o A BRI R B B DA RS oA
T SFE I A 22 (R K I0L, [ 4.1 (b) o, BEE NI AIZEK:, 1%48K 5
FOGHRE St R G BRI, 31X 32 B PRy 2 S S I TRL IS, it A o mT 7= 2R B
R, ORI AR, SEIDGEUN AR, [FR5INE 2 1 ARG, 238
FOGHRIE T RN, TR OO A R T TSR TS S5 i ERE
FAFR e T DA R R A BIT2H A2 (0 200 LED #3307 VR 40 204
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Figure 4-1 PL spectra of KEusF 3 NCs (a) different synthesis temperatures and (b) different
synthesis times.

4.3.1 KEwFi: R ENEFHEEB I

N 4-2 (a) fon, @Exr KEwFis B0 iR FP S XRD HdEidtir
Rietveld #2704, 45 REM P SR NI4T 454, B A hoAg g 259 & +

(a) —ar | ) K Q
T b 2
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K] 4-2 KEusFis 49K 5 (a) [F2B 45T XRD K% Rietveld FiB45 58, (b) AL KR E
&, (¢) TEM K%, LK (d) EDS Rl

Figure 4-2 (a) Rietveld refinement of synchrotron XRD patter, (b) crystal structure, (c) TEM
image, and (d) EDS spectrum of KEusF 3 NCs.
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Fm-3m [0 8. AHET WA T3 A 5/-&%) (4n CaF, Ml KEuFs), KEusFs

AR RN T I BRI (0.500) 785, FEGERESL T X FRME 1 R B R
SRR . BIK Sy (0.250.250.25) AL RIRUR TR E B (0.50
0) fr AT EE— PR I, HAT MBI AN E] 4-2 (b)) Fis. B 4-2 (o) J§
7~ 1 KEusF i3 49K 81K TEM BE, SoRTER 7 FIRI4% 200 nm (1) 573 HICRTRL .
ik TEM-Res A H0EC (EDS) #iih T KEwFi3 49K &+ K. Eu. F JGEMAF
72 (K 4-2 (). B B G E 71 (ICP) JGikE, IEE | EwK b5
HE N 3.96 (3K 4-2),

% 4-2 ICP X% AR

JLR & ERaa ERare s FHHES G
(ppm) (ppm) (ppm) (ppm)
K 0.28 0.319 0.28 0.293
Eu 4.707 4.611 4212 4.51

100 nm
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I I

& 4-3 (a) TEM E%&, (b) KEwFi3s 99KaLL (o) K. Bu Al F JuRAITCERIRAT .
Figure 4-3 (a) TEM image, element mapping of (b) KEusF3 NCs, (¢) K, Eu, and F elements.
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PLE 5 PL Jti . A\ PLE KIS M 2255 BT, KEuaF 13 49K dis IR J6 i I8 78 55 350 ~
550 nm, FRIILATHL SN LED & KA RUK; 360+ 375, 394, 414, 463,
524 & 533 nm M) R BORF AR UE 3 g5 X BT B0 B T TFo —
SDu/’L1/°Le/°’D3/°Da/ Do/’ Dy HLF-ERIENC1701, 7E 394 nm K% &, PL T 550 -
725 nm JEFEI N 2 Ev E F °Do— 'Fy (= 1-4) $SAER S, P 594 nm 4R
SEFE L1 JEE A JE T WA AR Do — "Fi WY, 618 nm Ab BT GIE)R F 8 R B
B8R *Do— "F2 BRIEH. T 654 15 702 nm AL §5U5 53 5% 8L *Do— "F3 F Do — F4
BRIENO 1701720 [F i, P 4-4 (b) ) CIE R EoR, KEusFis 992K b 1 A bR
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Figure 4-4 (a) PLE and PL spectra (Aex=394 nm), and (b) color coordinates in the CIE 1931
diagram of KEu4F13 NCs, respectively.
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Figure 4-5 Temperature-dependent (a) PL spectra, (b) PL spectra mapping, (c) relatively PL
intensity of 594 nm after three thermal cycles at different temperature, and (d) XRD patterns at
20 °C, and after the 1st and 3rd thermal cycles of KEu4F3 NCs.
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Figure 4-6 The PL decay curves of KEusF;3 NCs at (a) 20 °C and (b) 180 °C.
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Figure 4-7 Electroluminescence emission spectrum at a forward-bias current of 20 mA for
KEusF13 NCs, and the inset is a photograph of working red LED at 20 mA current.
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