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HEAT I A P S BH PH 28 38 ot A E B 2 181 44K
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B2% CsPbX; (Mn2t:CsPbX;) PURMAZR H %, N4
4@ B T B AR 9K b B S BT I SR g
&, IFLER B A T XK oA RE A IR THL
. e, PHE BAi7E SR B T is At m 2 TS
RA BRI BERF 5T 08 o 77 A 1) RBURN AT 15 i
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CsPbCly 44K iy LA BRI B (29 3.0 eV),
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PraE 2 R s 44, 1B 4K CsPOClLy 40K & i &
JEPERE 3. S CsPhCLy 40K i PLQY &I
FEME, ANATH#EFT TR & RATSE TAE.

W R, 42 Jm AL ER XS CsPbCly 44K itk
f78%, W LAWY P R TR BT FI Ve 19774
MR B b4 B K S ) PLQY. 40, Das 48 49 &
GiHBFIE T Cu fE CsPbCly 4K i 52, it
FEGK AR A BLRTIR R A CuCly, T8 i #AdE Ak
AT CutBdt CsPhCly 44K 5. & 5 i 1 B 1%
%% (transmission electron microscopy, TEM)
X AT S (X-ray diffraction, XRD) & 7~ Cu
B2 IR FE CsPHCL, 4K e 35 1 1 B A8 1k
W 1(a)—(c) Fis. Rt GB X B4 Ai 5Otk
(energy dispersive X-ray diffraction spectrum,
EDX) iESEFEB A5 MAUK S AAAE Cu Jo R, T
HL 7 R e R A o i Cu* R %, R
Cu?* 9 —IEEIEEA o8 Cut. 824 Cutla, 4K
im ) R JERCRR N T 120 6%, WA 2(a) Frs,
PLQY M 0.5% K %] 60%. Ahmed %5 28 [f] YCl,
4 JE B TR BUG ) CsPhCly 94K filt 145 4%
g, BFEE R, YOI, 8445 41K i PLQY

(c)
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Fig. 1. Morphology and crystal structure of nanocrystals (NCs): (a), (b) TEM images of CsPbCl; and Cu doped CsPbCl; NCs, the
inset shows high resolution TEM images of a single NC*); (c) XRD patterns of CsPbCl; and Cu doped CsPbCly; NCs*l.
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Fig. 2. Optical properties and crystal structure of metal ion doped CsPbCl; NCs. (a) Absorption and PL spectra of CsPbCl; and
Cu-doped CsPbCly NCsl*. (b) Schematic diagram of doping models for BaCl, doped CsPbCl;™. PL spectra (c¢) and PL decay
curves (d) of CsPbCly NCs before and after CdCl, treatment. The inset in panel (c) shows the photos of untreated and treated
samples under a UV lampP?. (e) Band structure and DOS of Ni?+:CsPbCly by DFT calculation. The horizontal dotted line repres-

ents the Fermi levell,

WG, R H R BIA 2 T AN, JE
WHEAMET —ERE LS. % R
2 (density functional theory, DFT) 115432,
Y3HH CUES AR T Ph> 3R CL YA
Nk, B YCLy 5B 445 1) CsPbCly 44
Kb BRI T — & 3Tt

Ak, Chen % PO 24X HIH% 1 428 Ba?*, Sr?t,
Ca2tFll Mg2+B A CsPbCly 40k i i1k,
A Mg+, Sr*+fll Ca>* 511 CsPbCl; 4K PLQY
R, N 0.8% 43l 3G N = 36.6%, 50.7% Fil
7%, 1812 Ba2tB2 % PLQY W2 TH LT %A 5t
R . 38 6 LI WE 2 B R JS - Ca TR St 24 1
CsPbCly B9 X B4 e TR (X-ray photoelec-
tron spectrum, XPS), & Y4 K f i 2 )5 IF K
7~ Ca?t Fil Sr2+% by {5 5%, B Ca?t 1 Sr2*
TEIB A% CsPbCly 40K S i B v, Y95 A 7E 40
KabRTA. X TR 148 &1, 1 Ba?t (5
T2 42 135 pm), T Ba—Cl#E i 5 BE K
(443 kJ /mol), ZEGUK A AE K A AR HE A 2] ShA%
2 [, DET HE A&, Ba2tiyes 7B KT

P B T1 42, T4t B b 2 i i v B R e
%, E 2(b) Fizs, XFEEELE T et —2
fifi Ba>* 18 A S ks T BUMAS I K ™ £ T 2 1 B,
TR ZA K @ PLQY.

B I, Das & PUSE & m] 40 678 R TP iy
CsPbCly 44K S i W A MgCl, (1 Tl i),
B Mg2t i Zh48 A CsPbCly 44K v, JH 3615 T
PLQY =ik 79% MG & 40K . Das 55 B A
5 Chen % PO 38 45 A [6] 09 45 5 9 J5 K 78+
Chen 253 11 #d: AEAT M2t B2R}, 9K S B
FVE R 7 S S A ] A RS A B AT
Mg 4542, BLBTAK S0 A e s, R
Mg ] ATE4F M 48 A\ 94K S A S0 A 4K &
HYELEG, FRAS T i PLQY FIFEETE. o, 1
18K &8 B T CA> B A CsPbCly 4K & P2, B
FRM CABE, KM PLQY IWBARHTHY
32% $ETHEN T 96%, PL Bl B3, aniE 2(c)
FE 2(d) FoR. [FEE, B &3 Cd*H844)5 CsPbCly
gk e L A TG H PLQY 3R B 18 70%—80%,
M H PLOGIE A = A fi # 5l R CA>HB 4
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AMULREE H CsPbCly 442K it M fg, b ey
s AR EVE. BT R, CAHH B 55k 1)
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Yong % 3 3@ 1 #E A ) J7 1A FE CsPbCly 44
Kt B A N2, BARJEA0K S PLQY ik 2
T 96.6%. 42K B W O E AT PL OGS FE N2t
B2 Ia A & R AR Ak, 1T PL 5 b .
i AL DFT 3548 2810 5 1Y e 45 0 S %
B, BRI NHBIRE, Aet 45 IR R A s,
Kl 2(e) B, NA—MEEIEA T PL OGS BA K4
B AR AL A JE A B AhaE S TR & B CsPhCl,
YK AT B PR A R RN SR O, TS R
H DTk, B Ph2 23 i (I i RE G K F CL AT Cs
2L TE LR, FRBHAUK S BB E S Ve Fl
Vg T N2 BB A S8 25 Fh 23 (6 8 BLRE,
P e Zs (B 7 A $ e T AR A R
JEE, R PLQY K.

3 4 E®BTHZ4 CsPbBr; 41k K £
KA

CsPbBrs 40K fit & 4 ToHLES B 1K 22 H i A
o H PLQY B —FpR R 29 4R, i
TFinRReE, XK S M AR, B
i T AR AR AR A g i P TR 4
J& B T4 1R CsPbBrg 49K i PLQY HYHRIE 7] LIGE
W3 2017 4E. Liu %55 i A13*#82% CsPbBr; 44K
i, 18T PLQY N 42% e & STk . 5
Ah, G DFT BHETHA T APHBAE B L4514
MR R, BAE 0T AL s BB Pb 1)
p BB ek, FEAE BT TIA T — N E e,
AP CsPbBry #5K5 44 K i ir 2 8L )2l
BRI 5 DFT 1155 (45 A AT . i X b
A8 CsPh(Br/I)g 40K S0 72, Mg
T AP R, RV DL SRR XA
TETFARRALA R, B LIRFERIE R 518 £k
WoraE G, 5 Lin B TAEM L, van der Stam 4 [0
K G A BB 728 #5048 Ca>t, Sn>t I Zn?+5
A CsPbBrs 0K . flifi1 &8, =Fh4 @ &30
JRYAK A PL GRS, [FIRHETHK A PLQY.
AT B A FRE T IS fAs 4 2 PL OGS i
BIEEH, H PL GBI RE RS A% F B 26

PERFR. X— TAERHES R T AR, Ik
— KR4 R T1B 2% CsPbBry 40K B L T
IRTE.

Zhang % P78 T 7E = T8 Sb3+ (B F2F
%4 0.092 nm) # A F| CsPbBrs 40K i 3545 T
RS RS (PLQY 204 73.8%) Y4 K M ARy
TAE, tniEl 3(a) Fros. OGS FI PL OGS &3,
Sh3+ B T8 2% J5 I AT U8 JROR 40 K it R B Y 2544
[ LA BB 4% 5 & 06 b DL RTEE AR B, Rk A
WA, MTE A er . W, ffi]% 3
BaRJE 9k i IR E M A TR . Ak, Hok
K AR H 5 450 nm BYZEE (6, TR T K R
BB 0 B Rl 15 S BN
CsPbBry BN HilVE#E G &G A (light emitting
diode, LED) i 1 HE % A 1 5 9 84 8. ek, Li
25 B8 JR 38 T 1) CsPbBry 49K P8 A Nathy T
i, WH9E & B Napy, 19 52 o5 7 8RB 1 T8 il g i A1,
PRl NatB245 90K PLQY 352 T 85%. Shen
S5 POE s il K B Ni2+8 A E] CsPbBry 4K
i, BFAE B, Ni2HB AT, BHERET A As A B
RAFRIE L3280 T e IRESERE™ 40K f 7 1]
T S REORN =R T R RRUE MY Il R At T — 25
76 FiR NizHB 4414 CsPbBry 49K S AMu 2 48 1k
AL AW, AR5 T M B E 1) PLQY &
ik 84.3% FHERA AOCHEL, WK 3(b) B,

HAFF B2, Bi % 00 S OB AR Cu? s
A CsPbBrs 44K i 19 TAE, 2-45 T &6 & 4 i
100% %) PLQY, 401 3(c) Frzn. X 52k mz ok 4n
ZiRTE R, Cu*t BT AJG, CsPbBry 49K M 7E
R 25 8] H (9 AN XF B 6 (1 Pb-Br /\ T 14 1 74 5|
) A R X AR, X R Cu B F B9 AT LI
25 Pb J& Bl ey R B 385 A e, DA il s
AR, IEAh, WA E| Cu* 8445 PL G & Wik,
Wk DET 4B 200 5 40K i (0 BE 45 44 52X,
Cutf B A S M9k S B BRI K, M S 30k
Tl iE RS, aniEl 3(d) FEl 3(e). 1A, Das 45 P iE
BT b Mg2H48 A CsPbCly 48K iy TAE
EFERTSCR AT T A4, T3 i 200 O ok
Mg>#8 A CsPbBry 40K &, f 40K &4 1) PLQY
M 51% A HIAR THF] 100%, W 3(f) fiR, X —
TAE R PLQY RYE GRS & S A RHE (L T —
FloBrig iz,
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Fig. 3. Optical properties and crystal structure of metal ion doped CsPbBr; NCs: (a) Schematic illustration of Sb** doped
CsPbBry™; (b) PLQY vs. Ni?* doping concentration of CsPbBry NCsPl; (¢) PLQY vs. Cu** doping concentration of CsPbBry NCs;
electronic band structures before (d) and after (e) of Cu**doped CsPbBrs NCs by DFT calculations'®; (f) PL spectra and PLQYs

before and after Mg?+ doping of CsPbCl; and CsPbBry NCsPl.

4 A BB TH L CsPbly 44k & &k H
Kb
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AFEE B . AR SR S A R PR A
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\ﬁ(RB-f—Rx) ( 4 B
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R F BN TAE.
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T SrCly, KIBEE SrCly 522U 1B #iH K,
B A=) 117 CsPbly 49K f OGS A PL ik
MR, PLQY M 65% 2 i $2 T+ 3] 84%,
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Fig. 4. Optical properties of metal ion doped CsPbl; NCs: (a) PLQY of CsPbBrl, NCs solution with different dopant concentration
of Cu**%2; (b) PLQY values as a function of aged days for unsubstituted and Sr2*-substituted CsPbl; NCs solutions%; (c) absorp-
tion and PL spectra of as-synthesized Ni (II) doped CsPbl; NCsl%; successive PL spectra of Sb** doped (d) and undoped (e) CsPblj
NCsl%; (f) the absorption and PL peak maxima and PLQYs of CsPbl; NCs with different Zn-to-(Zn plus Pb) ratios(®.

MIXHRGE TH5 SH3HBA CsPbIy 40K iy T4 69,
A1 B, Bl 5 24 B BB M I K, 4K i
WA PL WY & A= W AOLLRS, PLQY ez kK
M5 BN 78 Sh3+ 48 AR EE N 10% B 4RA3 T
BIRIG R KR PLQY (2 83%), $54%)5 By M B AR
BFZRrmEmEEE, WmE 4(d) s, 453
Z= SO E KT 10% B, 241 S+ B T Cs
Pbls 44K i N7 T 70 R R, 300k,
Bk T PLQY MFaE M. DFT A kK8, B2
Sh¥* e, YK LI LS A RERE N, A BRIV, RiB 2y
JE KL RS ) PLQY AR e MR A HRIE T
FIIUEE.

IRt , Shen 45 06 FES T2 AR5/ Zn?t (B
T80 74 pm) BUR CsPbl, HAYFRS> Ph2t, Bf
TR B ARG SREEABAT 7= HE B A5 Ak,
& HBO AR /N, A X e XPS FEIER] T Zn2 i
FRIB A BT A IcE Mgk S R SF s, B4
S5 4K S WIS A PL W 2 I T — s
FELEER. I I B4R, K15 T PLQY
Tk 98.5% Y Zn2HB 4% CsPbl; 40K §, W11E 4(e)

FE7R. B G RI , Zn2H48 24 )5 i CsPbl,
ZK RS B R T 4.0 4%, ARSRET A Y
THET 1045, X R Zn2 B AMH T CsPbl,
YOk AR R A AL, S IREE R Zn2 B
ARSI T 0K S RS P, R n BIGK S
A5 R 3 WU UG K i, FEADEE BT 05 LED #84,
THBR T 2 AR & [EER RS R TReRA H
T 15.1%, ek T4 i AL 58 7E LED ik
A .

5 Mn#% 2 CsPbX; 41k & R H & ¢
et

508t 48 B B L, WS R B
AROGEE . 2z DL A BTz 2 T AT G
0, ASCHEANA T BA DS C M BT T 4
J& Mn?* X CsPbX; KB MIRZIA. Mn> 1544
CsPbX; (Mn?*:CsPbX;) 4K i TAE, 28
W15 2016 4E. Son I Klimov {8 4H ifr F-7E 7] —
B 428 T Mn?+:CsPbX; 99K & 1 TAE P67, X

187801-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020)

187801

T AERR I AR 7%, S8 7E A CsPbCly
K A IA MnCly, il T Mn>*:CsPbX; 44K
Al SR Xk A A5 21 40 K B 5 T 7 1 ' X sioue
223 CsPbCly BT & 5T, [FIBHATE 588 nm W&
2| Moty d—d REGERIE AT, WA 5(a) PR, S8
1M, X2 Mn?":CsPb X; fa g M & PLQY JfA 141
FHAH | B4R E Mn2t:CsPbX; 40K & AY PLQY Al
FEME, HEAT T KEATSE TAE.

2017 4F Yuan %5 081 7£ Mn2*:CsPb X5 40 K
FIRFFE TAEH &3, BEE Mn2t (48 321k BE A AS T
ETF, 90K PLQY 23w ik Jf
TE M2 B T B8 E R 3% 4+ 1% BHE8] Tk
1 PLQY (29 60%). 454k B AT, H PL 3%

ol I 4 S PR SO e, T B B AR FE K
TR AR A, PL SR i 4k B 238 BOE . X R
5 Mn?*-Mn?* ZRIK WY 858 AR RS 2 5%
BIFIAA K. it — R Mn? :CsPbX; 41K
rm I AR A AL, 01 5 9 i £ 7 IRMR B2 19 Min2
CsPbXy 40K i, i X HEAS R B T 3B KA FE
YK i TG R R R B, B A B S [ ) S
Mn?*f#] PL % . PL S8 BE#R T B, (2 TE 340 K
AL PRI FE R 9K R M2t PL G isA &4
B R B 728 4k, T7E 360 K A BRIRE R, BEE
1B K] FE K M2t PL 5 A 35 0 N B,
WE 5(b) FE 5(c) Fias. fAT48 5, Mn?* PL i
JE R AV 2 P T 2 L 8 AR Ak B R 3 AR e 7 A 1Y

(a) CsPbCls: Mn

Intensity

CsPbCl3

Doped

Undoped

500 600
Wavelength/nm

300 400

NC400
@340 K

A

400 480 560 640
Wavelength/nm

— 0 min
— 10 min
—— 20 min
—— 30 min
— 40 min
— 50 min
— 60 min

PL intensity/arb. units

720 800

NC400
@360 K

— 0 min
— 10 min
—— 20 min
— 30 min
— 40 min
— 50 min
— 60 min

PL intensity/arb. units

400

480 560 640
Wavelength/nm

720 800

E 5 Mn252% CsPbX; 40K S G F 1 fg

700

800

100
NC400
@340 K

10—tk

10—2 L

PL intensity/arb. units

PL intensity/arb. units

Time/ms

(a) Mn?* 8 4%710 J5 CsPbCly 442K i 9 PL OGS AT UV O BT 195085 B A 107 Mn2+B 44

CsPbCly 442K 2 HI7E 340 K (b) F1360 K (c) #ALHE R 49 PL 58 & K PL 75 i B st [] 19 25 £k [69)

Fig. 5. Optical properties of Mn?* doped CsPbl; NCs: (a) PL spectra and photographs under UV excitation of CsPbCl; NCs before
and after Mn?* dopingl®’; (b), (c) PL intensity and PL lifetime of Mn?":CsPbCl; at different temperature (340 and 360 K) with

different timel®%.
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Fig. 6. Optical properties of CsPbX; NCs doped with metal ions and Mn?*": (a) PLQY of Mn?* doped CsPbX; NCs vs. Ni/Pb

ratios(™

; (b) PL spectrum and PL decay curve of Mn?* doped CsPbX; NCs after treatment with CdCl, solution™; (c) digital photos of

Mn?* doped CsPbX; NCs before and after treatment with CdCl, solution under UV excitation with different purification times!™!.
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Abstract

Metal halide perovskite nanocrystals (NCs) have attracted great attention in the fields of light-emitting
diodes, lasers, X-ray imaging, solar cells and photoelectric detectors due to their excellent optoelectronic
properties. Compared with organic-inorganic hybrid perovskite NCs, all inorganic perovskite CsPbX; (X = Cl,
Br, I) NCs have good photoelectric properties and high stability. To further improve the photoluminescence
(PL) quantum yields (QYs) and stability of CsPbX; NCs, researchers reduced the defects as nonradiative
recombination centers in NCs by the following strategies: 1) surface treatment with different ligands; 2) control
of synthesis conditions with halide rich compounds; 3) doping of metal ions. Among them, metal doping is
considered as a universal and effective way to adjust the optoelectronic properties of semiconductors. It is found
that the type and the concentration of metal ions have great influence on the electronic band structure and PL
performance of NCs after the metal ions have been doped into CsPbX3; NCs. At the same time, compared with
II-VI and III-V semiconductors, the unique structure of all inorganic perovskite NCs makes the doping of metal
ions easier. Appropriate doping can not only enhance the intrinsic optical properties of the NCs without
affecting their crystal structure, but also introduce new electronic energy levels into the NCs and new
luminescent properties of doped metal ions. Based on metal ions doping strategy, the PLQYs of doped CsPbXj
NCs have been enhanced to nearly 100%. In this work, we summarize recent advances in metal doping of the
four typical kinds of perovskite NCs, including CsPbCly, CsPbBry, CsPbl;, and Mn?* doped CsPbX;, and
discuss the physical mechanisms of the improved properties through doping metal ions. It should be pointed out
that the doping of some metal ions such as Ni?* and Cd?* into the above four kinds of NC systems can
effectively passivate NC defects, thus improving the PL QY and stability of NCs. In addition, we put forward
some personal perspectives on the future research subjects of interest and directions of metal doping for
enhanced PL of CsPbX; NCs, which needs to be further explored in order to promote extensive application of

perovskite NCs to various optoelectronic devices.

Keywords: metal ions, doping, inorganic perovskite, photoluminescence quantum yields
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