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Abstract

Abstract

Micro-nano lasers cross-integrate cutting-edge nanoscience and laser technology
to limit photons to micron/submicron-scale miniaturized lasers. Due to their small size
and low power consumption, there are huge potential applications in many areas such
as high-density data storage, on-chip information exchange, thin film display, high-
resolution bio-imaging and biosensing, The emerging halide perovskite nanomaterials
are ideal gain mediums for high performance micro-nano laser devices in future
integrated optoelectronics due to their large optical absorption coefficient, low defect
density, high optical gain, narrow emission peak, and high fluorescence quantum yield.
Further miniaturization is one of the eternal themes of the development of micro-nano
laser devices. However, due to the limitation of optical gain, current sizes of micro-
nano lasers are in submicron and micron level larger than the emission wavelength. The
sizes of micro-nano lasers less than the wavelength level are rarely reported.

This dissertation is on the basis of the front-end system of Shanghai Institute of
Optics and fine Mechanics (SIOM) and Shanghai Superintense Ultrafast Laser Facility
(SULF) established by the associated laboratory between SIOM and Shanghaitech
University. This study mainly focuses on the micro-nano laser based on the new all-
inorganic perovskite gain media, and has achieved the following research progress and
innovations:

1. For the first time, the smallest perovskite micro-nano laser and smallest laser
based on traditional cavity structure is realized in the all-diclectric CsPbBrs
perovskite nanocuboid with length less than the emission wavelength of only
~400 nm. The two-photon absorption (5.53 cm/GW) and optical gain
coefficient (502 cm™) of the perovskite gain medium are analyzed by Z-scan
and variable stripe pumping method. Through microzonal characterization, the
characteristics of low threshold, narrow line width and high-quality factor
single-mode laser from perovskite nanocuboid under one-photon (400 nm) and
two-photon (800nm) excitation are analyzed, respectively, in detail. Further,
the origin of the single mode laser is confirmed by laser mode analysis of
different nanocuboids. Finally, the Au nanoparticles are introduced in the
perovskite nanocuboid to lower the threshold (>33%) and improve the quality

factor (>9%) of the single mode laser by the localized surface plasmon
111
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resonance effect.

Using the temperature-dependent photoluminescence method, the combined
effects of lattice thermal expansion and electron-phonon coupling on the
bandgap of perovskite CsPbBr3 nanocuboid, which shows that the bandgap
shifts to blue with the temperature rises and then flats above 180 K and its
spectral broadening mechanism are studied. Large exciton binding energy
(~40.2 meV) is also beneficial to strong light emission. The optical gain peak
is insensitive to temperature changes above room temperature and the much
higher characteristic temperature (305 K) than it in the bulk material and
quantum dot laser further confirms its optical gain has strong tolerance to
temperature change. The pump-probe technique is used to study the transient
absorption spectra. By comparing the transient absorption signals under high
and low energy excitation, obvious stimulated emission characteristics is
observed under high pump excitation. The optical gain life is only ~ 19.7ps,
and its pulse duration of ~22 ps measured by streak camera also verified its
photon lifetime. By changing the excitation energy and analyzing the transient
absorption spectra, it is found that the bleaching peak has obvious blue shift.
Thus, the gain mechanism of perovskite CsPbBri nanocuboid could be
attributed to the formation of electron-hole plasma.

The stability of perovskite micro-nano lasers is one of the inevitable
bottlenecks in its commercialization process. To improve the stability of
perovskite quantum dots, the perovskite CsPbBr3 quantum dots are coated with
silica grown in situ without affecting the quality of quantum dots. This avoid
the direct contact between the QDs causing agglomeration quenching and
exposed to the external environment resulting in degradation due to water and
oxygen. After coated, it not only improves the photo-stability, but also
enhances the multiple scattering effect to improve luminescence efficiency.
Eventually, the threshold of amplified spontaneous emission decreases more
than 50%.

The room temperature hybrid random mode and whispering gallery mode
(WGM) laser is achieved by a single silica microsphere embedded by CsPbBr3
quantum dot (QDs) under 800 nm, 35 fs and 1 kHz pulsed excitation. The
single silica sphere provides an external resonant cavity by the smooth surface

and refractive index between silica and air, and the disordered property of
IV
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perovskite QDs, which result in the hybrid modes laser between random and
WGM. Finally, to purify the laser mode, the silica spheres embedded by QDs
are incorporated into a microtubule with diameter of 40 um. The WGM output
of'the microtube laser is analyzed and confirmed by the laser mode model. The
microtube laser threshold significantly lower than that of the uncoated
quantum dot laser.

5. For the first time, high quality factor single-mode and multi-mode lasers with
two microcavity effects at room temperature are realized in all-inorganic
CsPb2Brs  perovskite nanoplates. Firstly, the temperature-dependent
photoluminescence method is used to study the bandgap shift and spectral
broadening mechanism of the nanoplates by thermal expansion and electron-
phonon coupling. Further study on temperature-dependent stimulated
emission, it is found that the optical gain peaks were insensitive to temperature
changes in the range of 100 K to 380 K with fluctuation smaller than 1 nm.
Especially, the high characteristic temperature (~403 K) indicates the strong
tolerance of its optical gain spectrum to temperature changes. Finally, two
kinds of microcavity effects of CsPb2Brs nanoplates are analyzed in detail:
Fabry-Perot and WGM lasers with low threshold (~180 pJ/em?, 230 pl/em?),
narrow line width (~0.15 nm, ~0.16 nm) and high-quality factor (~3551,
~3374).

Key words: Perovskite, Up-conversion, Laser, Amplified Spontancous Emission,

Temperature-dependent
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1.1 WAHHARER

NBH—HELEAE T 1960 4, B = F L5 A1 6 A BT 51 i ok
[1]. Hit, ot AREIE LR, $ERCEHEEHAT, EREAWERIRT,
TMEBET NS, Wwah T2 5RERKEL, ER. Dk, Bir. &
HENGE T2 MH. RHAKR, BEEHRBIFEERIIGE, AR EmME
Th . BERAGATR T AN . MO LR RSO EAR 59K ER A &R
P MBSO RIE T RIS G R sl E RO R R, AR
L RRERESE R SN AR RS T BRI, F LEERR. Bt
P A S B AR RS 2 4 SR T #T AOALIE [2-8]

ot AMERERETEME 1917 FERELHEE N K “ZMES
(Stimulated Emission)” Hig, Bl 48T MWHCR A MKREABERITN, %
SRAE BN RERZ I TEHRS, SRS M 5 ST aE . M. RIREE
TR LT X TROLRR, ASZRENEDNYE, RAELSYRMEE
TERBERE S, AR LR B R iR . R 2 e KT
SRR, AT RSO BER U, BOtm AR IR RN 2
AR EFR S, TFRULAEE ERBBHAT TR EERE (B

11D,
Jlgﬁ%

\
~

Bk

et
Bl 1.1 FRKEAE-AF (Fabry—Pérot, F-P) EREBLRRAEE.

Figure 1.1 Schematic of a simple Fabry—Pérot (F-P) resonator laser.

BB RO T SRR R R, XM R YERE FIROGSE TR B RS R T



S TR SR THATROL 1 RERT 7T

WEIENR, WALt R RRIER 2 —. LRWEEE T AT, Ha
K, ZRIE . 1.2 BE T AR R B . B A TER,

FI FH B 7 BRI 0 17 % s 28 Vertical-Cavity Surface-Emitting Laser, VCSEL )
R BOG 8 RCT FRR B LA ROR E R [9-13], HjE T AR B AU E
2% (980 nm, W& 12 (a)), SRMERNEEIZ AT RIENEE[14]. HE
A, Levi 25 N[15-17)5281 T 1.6-10 wm B4R 1K) 4 N S Bt 16 B35 [a] R A 2/ [0 35
BEME X (Whispering Gallery Mode, WGM) fAH#:2%, B 12 (b) £ 42
um A SEM KI[18].

S monm /
-, =
w0

InGaN@GaN,
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B 1.2 TGEOLR R B BIFR19].
Figure 1.2 Development timeline of micro-nane lasers[19].

BT L] L AR R B8 T 5 (Quantum Dots, QDs) ¥ :23 FLAE 1994
FERSEILT BRI InGaAs BT sl A [20], (B FE T SR S1DE
SRR, EARSCELROY RN, REAMINGR I, B KIS I HCRE Y. 2017 4,
BRI DT A oA R, AR SRR MRS EE21), 7
HBOR K BAAET BRI RS, R E 7 Uk st e — 5Nk, HEE 5
MeEHA A TE.

1996 1, Tessler & NERIEM R RMANMIEED S, RARHLERR
W, AR RSHATE A ROR ER(22], B HBURE X TH AL S 480k i
7, Ho 2007 4, EHEE 150-400 nm, K 1-35 um B HLILHIR G 947%
LBARSCHLT F-P BO%[23]. HiL, Jiang 25 A[24]605 12 H EIR R A HLA 5 A
e =AW A H T 8o BOR I RE B 205 IE . Mk 1R R e A 1A 4
it (distributed feedback, DFB) G2, L MEEIE (<1 wlem?) FHL
B R AT
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1999 £F, 1€ “#E5%F &K (Photonic Crystal, PC) o7 BAANMEREE TR OO
JE it — 25 HESH AN RO S T AN TERCR RUEE (25, 26], W 1.2 (o) RS EHbiR
R EAK(25]. FIEE, Cao FENE R HITEHRTIAL 100 nm IS4 GaN #
ARAEAR 1.7 um [ ZnO Ky AR F BB SEILBEALEOE[27, 28], B 1.2 (d) RS
FOGHI R BE29]. LA ERENBOE S8 T AN B SEIEO R AT, SRR
ST TCiEHE— B4R
4k VCSEL. f#E. QDs. AHl. PC #IEE5 /5, 2001 &, Huang %5 A[30]F!
FELR B AR TiEA K T A 1.2 (o) PR E R 20150 nm, KA 10
um {75 51 E R ZnO 9K EE, FRTE AR 44 K ek B SCl 1 oB e 5 2 % (Full Width
at Half Maximum, FWHM) /hF 0.3 nm FIESMNEER . SR Zn0 9KE K &
I A, P TIg X AT R A RN F-P OERE, ERAMEE,
RRRBRT RO R A, BRFEEME. RTHESEEDGIREN
N GaN 4K &; F-P 306[31, 32]. ZnO 7NIAHUKE WGM B335 A Wil A .
Rk, 2003 4, Duan %5 ATE CdS GHK& g RSEEL T R IH K &R HO L
[34]

R ETA RN RO R R R A A S B R IR, R I 2 e T
SRR M RN ER, K ZnO FKEHOLE T I ZnO (n~2.45) 5%5
(n~1), ZnO (n~2.45) 5HEEHL (n~1.8) FHFEZE, W6 HAEMAE RN .
AR AR CHR &) BREI, H3BERKAIERINE MR AR SN —
F, REBOGHRIE 4EZ LU/ TREDUIEK, BEFE, REBOCT R
fO I af FOU IS AR S N R B M, BOGSE M EBE R MER K EHR L,
TVEW AR o SRR RSN TR K ERMECEA RN T RSN OO
RS, X2 E G T AN O e S B — R B AR R R R

RFTHAG R ATH IR RS, kS BERTEH THOL (Surface Plasmon
Polariton, SPP) BL#ERIZMA . 2007 F, Hill 558 A [3515 7R SEI T H 4 40
BT R SEOEEE, W2 RN InGaAs/nP, £MIE 1.2 () BIR, #
Wt d Rt — B MR R F B AR UCA~260425 nm, 824 300 nm (1 [E A4 K4
¥, BECGSBATIEGEIRE , B ET7E 77K B, {4 144. 2010 £, Nezhad
S N [361FUFH A B AL TE & B A B, SEOL T R JR A2 1030 = B
Bot, HEERSI0TREERK (PLFERER 420-490nm, E%0HE
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200nm). [FIFE, Yu 25 AB7HEER 406 nm, [EJF 440 nm BETE & B AR
NGB o SR T O A 8. BAE 2003 £, Bergman 25 A[38]FLEEH T A
SPP SEILSZHERST BOR IV E1G, MEER-N YK, MR TESBERTE
% SPP, {4 REENH KRTNEERSEMP, "EEOLSE R R4 5
R KEBRE R, FTHOGEATHRIE . 2008 4, HEISE 23— ik
[39], #F 2009 FHKREEZNA 44nm BB RT R LG K K5 SPP
BOGE, ROGEKLE 531 om, mmFETA 132, YRR TEHLE 1.2 (g
[40]. BE/S, E&RE-NH-2EM41]. FEAEREE42]. 99Kk (1.2 ()
[43]« YKdE[44]. 28 (B 1.2 (1)) [45]. TSk (8 1.2 () [46].
Wl (B 1.2 (k) [47)5 A F SRR DS 7 SPP KB E .

SPP #KB G 1 B s B AR R A R B R IBEE R, 5T
FRG T AR RUE Bk S8 R, IXEEYREOE 8 & BRSNS
S ERR G ET . SEREE, SRR L. DR BRG]
NEEG & TR T EmbER . maih mahBos s BA B &L &R E
¥, HHEASERME PENG, SR T RANE R, EHERSE, £
L6 B R iR BR K249 200 nm, i S ETRY AR FUROL S B —4E 2 TR
SHEK, (BROGIRG 7 MO TRCK B2, R # BUICAR #E A & 3 23 99 K0 Rt
B e sttt — B s R MR Al LR RO A R R e

1.2 $5ERH 40K RHEEA

H 2009 1%, RACPIEEE GKADREE A B IR R SRS B K PA Bl Ht 19
NFI[48], FAR R A sk R 5l w2 T AL TARE 1) 57 [49-55]. HE 2014
T, Xing A\ [56]H AN CHaNH3PbXs RSz il 1A T a3 8 & 4
K (Amplified Spontaneous Emission, ASE) %, HESR TUWET T
CHNIPBL; #1102 BUHOE, X8 T MahiEo6ad F A 4R 8 280 7
LI PERE R L IR AT 2015 4F, FEFSERAT CHaNH:PbI 85 o R H 22 4R
PR, WERTHRAENANR, H3T &5 3200 eom? 564, LTS
GaAs B @IS HMBR, ERRNTFRELF FHMBIS7]. RIE, AT
TR RO SR 2R R R, 156 T HEME adetE, A IR0
BTN TF RS, ETHREER.

4
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1.2.1 paEAPSSEAN RIS SR AFEM R

ATV, B F AR A B 2 B ASERT B0k, HAL R pe ek it
FEHR. HEB . MEBRESMERET ERHRII58]. TRmWaIEAT Mk
CaTiOs, T 1839 4F, WEEZFFAYT ¥FH Gustav Rose KIL[59], F LR
B Hi R % % Lev Perovski FJ&FamamK, £—RERR M ABX: 4]
Mrb, B 13 fras, K AMBEAMAET, X ZRAST. MIRERD
w A AR 4510 5 R R LAV A E, Kb A TR TLUAENLT
%, WHE (CH:NH:', MAD, Fif (CH(NH2):", FAY) &, thA] E LT E,
# (Cs"): BRE—RASRETE, Wi (Pv*. % (5n®) & CLEAN
ELE, WA (Cl). & (Br). # () B, Z480H, SBRETBRTIH
LA, R X BT FEme, EURET A LT 37BN G
B, bR agnE AL T EENEL SR,

B 1.3 S4F ABX: RREEHWE. XF, AR CIGNIY, CHNH):, Cs%, B
# Pb¥, Sn**, X & CI, Br, I'%[48].

Figure 1.3 The crystal structure of perovskites ABX;. A is CH;NHs*, CH(NHa)*, Cs*,

etc. Bis Ph?", Sn2", ete. X is CI, Br-, T, etc[48].

TR, BT 855K = s B HiRE, W AR R TR
MATEIRY . Wl 1.4 i, BT ETFERAR, BREeREMNRES,
AL MATEEERE 8T (9 R B T iRE AT LASERLAR S 390 nm RiR404h
790nm B F; FATERERT AR 6IBH B BT 404 820 nm (975 FR: odl Cs+454K
AU E BB AR B (400-710 nm), MAHEI-EIUGEST 12E
ERTERS. EIAMEET B B4R, L Sn* 24550 EALZIMT 900



AL IR SR M A O M RERT T

nm & EHURRGS . (EHZRESERA X EANK L LU, R EMEiEss T Po &4
BRA

T T y T v T T v T g T T v
CsSnX, Brylyn
Cl,«—» Br, I3
MASNX,
CI,‘BrM Brn's-n \ [ ] «
N (% .
C|3 Bf;, |3
@
CsPbX, e @
ClBrs. Br,ls.,
Cl, Br, « >, L." & k"
ClBr,, FAPbXs Br, ;.
cl,+ > Br, »l,
Cl,Bry, MAPDX, Br,ls,
»Rr |
C|3 Di3 2
1 L i 1 i 1 I L " i 1 i i " i
400 600 800 1000

Perovskite Emission Wavelength

B 1. 4 5865 A FE R BR[60] -
Figure 1.4 Band gap of different components of perovskite[60].

FE PR R T U RS, E 15 B, TRAERKTLE
FrEH (50-90%) [61-64]1 KAVBFRE (~10°em™) [51,63]. KIS HKE
(>175 um) [65]« FIGAE (~3200 cm™) [56] K TFLEEHE (BT FE meV)
[66-69]. JRAMEARSERF . 2L FERE SR MEHE R CRPFREED MK
Jt# (LED, But#iss) SYBIER 7 LS50 Lriers.

——

High absorption

Tunable bandgap

High optical gain

High PLQY _,;ﬁ,f; Low cost

Large cxciton binding

B 1. 5 e LB,

Figure 1.5 The major properties of perovskites.
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12.2 EEATEEET SRR AEX R

BE b g b4, LA E A MAPOX: 85EkT BIRE AL TAE[70], SR A2 0E
TSRS R, X FRIFE R AT R, AR REE
#2. HZF| 2009 F, Kojima %5 A[481FIH B H.-LH.I:4 MAPL: SZIE — 1A IE
B EIESEE APERER M, HERAUMEHL T 3.8% HREBEHRAE, HENS
PLRF TS8R KIHRE RS A B 75, AR GE L, 88 +F,
AWERELH 3.8% (2009 £E) [48], 6.5% (2011 ££) [51], 9.7% (2012 &) [71],
10.9% (2012 5 ) [72], 12% (2013 &) [73]; 15.4% (2013 &) [50], 17% (2014
) [74], 17.9% (2014 ) [75], 19.3% (2014 ) [76], 21.1% (2016 &) [77],
22.1% (2017 &) [78], 22.7% (2017 &), 23.2% (2018 &) [79], HZE 23.3%
(2018 4F) [80], LA 1.6 FTAR. M 2012 FF2, ¥BERT KPHAE AL RIB R A 1E
1, 2013 4, L4 Science 1Py “ &I AMER” 2 —. BETE, 5857
K RE B b A5k B A A T R R R (R B T L TP A PH R R b 2 4R R AT A B
FIRFACER R PHRE M, BT R KPH AR AL

Best Research-Cell Efficiencies

Efficiency (%)

1 i DN LR T RN TR ST MRJS SIS (N N TR [N (N NN SR (A AN
1975 1990 1995 2000

A 1. 6 AR B E iR [80].
Figure 1.6 The chart of solar cell efficiency[80].

B Shockley-Queisser HR[RAJAN, ZEARSDHKPHEE A E 1A B HARRIE
~33.5%, BHIEEAHFRBREL 100%. HH, — 05K §E b
AR —AMUR KR SRR BAIRE BRI SR R AR .
EREBAIENT, AT KRS, KR, B geke Ryl
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. WECRIR, 85k FHRE R 6 R (Light-Emitting Diode, LED).
HBRENRERHABEAER AN 55K LED & 1999 £, H
Chondroudis % A[81]f & 1fi >k, (EHTHE BRI F-ETHREIER, #1E
EHEEETRE, RELEEREEET. 53 2014 F, ZREHHKS LED
I IN, 7RISR T 48T RERN 0.1%FIRLL A0 0.76%, XFFE T 854k
LED 202 K He, 5 TER 8], 45400 LED 4FE TR EMMIT T 20%[82-84].
RO, PR LR RRRE, AT UE RS 38 a0 i, B IT A s i
Mo, SETAEZER, tin F-P. WGM. PC SiREE. BL%.
PAEOEAR85], LTI 13 .

(a) (b)

(e) Metal electrode +
j‘jﬁ Hjli:‘j_é ;}y‘m %& Perovskite layer 3 : o =

FTO substrate

ZPAA%

B 1. 7 S0 YR EHMA. (a) X-ray HH[86]; (b) X-ray Hi[88]:
(e) JEERFERE01]: (@) JeMIk92]; (e) [ZFEEE[94].
Figure 1.7 Other applications of perovskite nanomaterials. (a) X-ray detector[36];

(b X-ray imaging[88]; {c) Photodetectors[91]; {d) Photocatalysis[92]; (e)
Memristor[94]

PRERT AURM R B DR TEKFRRE £, LED. e b, ER S, EHE
B, W Xoray ZRMANR S . SCHRFEMEF (Photodetectors, PDs). Y
EUFMETERWREMSRE ., WE 1.7 fia. FIRSERT HRE R
AR BB EE, Wolfgang Heiss IRIZHAN Tinsong Huang URARH 73 5l F 2015
M 2016 FEEFH-FEH4240 MAPbT: F1 MAPbBrs #5858 HF 50 T & R B X-
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ray FRM[86, 87]. 2017 &, Nam-Gyu Park il B EH Z B AW 2 AN —1
830 pm JERSEE EIER AR S BT EE M B2, fEAL S R Rk
RS _ESEE TOREA. IRFIEM Xeray BR[88]. TSR MIRAGEESS
FE. WE TR, BRKMNERR T Ha L R mRER NG, S AR
R HIEE E REUEAYORT S E PDs. e fs s i — 35 3 A8 bR 89-
9]0 b AMEERT LKA EHE S AE (L [92]FIZ BHAR[93, 94) 55 B A 1 2 K Fir

13 B8R0 ANECtER & RIUAK

{ERN—FMR AR F SN, SR PR R AR E T RE, Tl
R RBRGHE, RET4 460, B e S h35 . 8§ 2014 4,
HIRER RGIRIE & A - (. MAPOX; F54K0 IR AN & v s
THCHEME (~12wl/em®), B[RIE ASE # (390-790nm) FI== R Gk
600 nm, 150 fs BkF, B 1kHz) BLR[56], 4rHIALE 1.8 (a> 1 (b), 5%k
B E R T I VERRAS B E AL

(@] St oy e

6000

4000

PL Intensity (a.u

g

700 750 800 850
Wavelength (nm)

B 1.8 (a) P& MAPbX; 454kH" ASE . (b) MAPbI; 8 585 [55].
Figure 1.8 (a) Tunable ASE spectra of perovskite MAPbX;. (b) Lasing action from
MAPDbDI; single crystals[56].

i 1.9 Froas, ETEERE ARESSH, kil QDs. iR, Z9KE. 44
KA g EHOKERER MABOLARE HANTT, Se3l T iE Y=, F-p 1%
s WGM K PC SAFMAMEERT NBOCE 1. BT 2R B i
B, 5 EAME G R AR S A T A SR T BRI R A B
DEIE 200 GN I THY &
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Quantum dots Nanowire/ Nanorods (b)

:' \—77 Fabry-Pérot Mode

: \Ji7 // -

+

Pervoskite Structure +4 ¢+ b~ e o A
] +++"' .
4 ¥ Nanowire
Nanoplatelets Crystals ++

&=F JLouy

(d) Photonic Crystals

(c) Whispering Gallery Mode

= @® 2

Photonic crystal
Square platelet  Hexagonal platelet  Sphere Dielectric mirror

B 1.9 (a) BT AAEH. (b) FH4F F-PEARE. (o) B85 WGM Bk
(d) £54k0 PCs ¥%. [60]

Figure 1.9 (a) Different perovskite structures. (b) Perovskite F-F laser. (¢) Perovskite
WGM laser. (d) Perovskite PCs laser.[60]

1.3.1 §EEKH BEHLE
BE L6 1S SRR TS 85 A I E e M2 R, A2 Y R R A R R

SAR(29, 95], WA 1.10 (a) ZBEHBOGEBEREE. 2014 4, Dhanker % A
[96]7RIH T £ MAPDI: 58k 4 M 48 B sl 76 F 2l (K 355 nm, K
0.8 ns, BH 1kHz) THIBEHLBON . 2 5 IRAE SR TR JE R BE LA B0,

WE 110 (b Frox, HEEEIE/DF 200 wiem?, i FWHM /MF 0.5 nm,

JCEEALEANFEIREE T, EAHS S, JeEEEREY, LBk, KA
(1R A OR o R4, Kao 35 A [97|TEIE A L) MAPDL 54K HIRH T £
An om e 5 AR BB B ) T REHLEOE. 2016 ., Liv %5 A[98]4E H A MY
MAPbBrs £55k8 40 K0 F 43 T W% B TR B {0 Bk F (60 pl/em?, BRI
£ 400nm, K3 100 fs, B 1 kHz) FIXOET (4.4 mlem?, B B 800 nm)

IRMTRANIECE, BB B R BUNVECE . BTR MR RRE R A 4 T AH
RERARLE, UESE T BOGER R B S90RR T mA R BRI R s r, BEig
HANSLEG S I [ 2 HEUH 8IS moRIE . R, Shi 22 A[99]4£)F /& 450 nm,

FURLLS)~200 nm ) MAPbIs SR 1 22 2 T padLEoL, HESTEREAE
RN 22 R A, AT FEALEOE T BRI T % 5 Stk AR L B &
W 1.10 (¢)o 2018 £, Safdar Z5 A[100]F A E %A H T MAPbIL: 5550

10
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WL, SRS T RS SR LEOT.

(b); (c

Ampiifying and
(ﬂ) a- scattering particles

Emission Intensity (a.u)

B 265 pijemi/puise
0.4 __f\___a.‘\-f\f\v'«\!.ll‘\,\,_,g

165 plfem/pulse

Emission intensity (a
o
@

0.0 " .
50 ms 2800 825 850
776 780 784 768 792 Wavelength (nm)
Wavelength (nm)

p
B )49 X
< (v R D
Q Al b O
9 J\ P ) |
S o (@)
s NS ) j| =

' . l

Random laser

— (®)

0.14 nm

u.)

Emission (a.
sity (a

PL inten:

Cst(Br.'CI:a
NC film

475 480 485
Wavelength (nm)

Bl 1.10 (a) BEHLBOEFEERZER9]. (b) MAPDL BT B MG EOLE, HE
730 pliem? A N RIAZEE[96]. (c) ZEFER MAPDI; BEARE M B TR0, G
R EEEHBOL T R FEE99]. () £EIFHHRT BT REEEIBOE. RN CsPbBr;

B R ASE[101]. (e) CsPbBry/SiO, F54kH BEFRMBENBOL. AR
CsPbBr+/8i0, &F 52k TEM E[102]. () CsPbBr; BT RBARHE LEHHILEOL. &

B2 800 nm BOLER ARG RAE[103].
Figure 1.10 (a) The schematic diagram of random laser principle[29]. (b) Lasing

Wavelength {(nm)

spectra of perovskite microcrystal networks. The inset is the optical image under 730 pJ/cm?
pump[96]. (¢) The left picture is lasing spectra of MAPbI; film with different angels. The
right picture is the schematic diagram of random lasing[99]. (d) Random lasing from all-

inorganic perovskite quantum dots film. The inset shows the ASE of CsPbBr; quantum dots
film[101]. (¢) Random lasing from perovskite CsPbBr; QDs/SiO; sphere. The inset is the
TEM of CsPbBr; QDs /SiO; sphere[102]. () Frequency up-converted random lasing from

CsPbBr; QDs embedded in glass. The inset is emissive photograph of sample under 800 nm

excitation[103].

BT EP-TOHRANERE", REEMELR) CsPbXs B 1958 4 AH
FARFL[104], (HL2TEHL CsPbXs M IR T SR BRI [64]. 2015 4,
Protesescu S A [64| B RE L ) EiE CsPbX: B+ A, HEFHEEE 90%,
JEREE 5 410-700 nm Pt BEASIRYR, AHIGHRIEZ £ K[67, 101, 105, 106].
[F)AF, FEATEHL CsPhXs #5480 & 7 S E S, Yakunin ZE A[101 8 RS T 4=
TSR A L5 €0.14 nm) FEALECGATIEY ASE 3%, WA 1.10 (d), 4L
HUASERR & T B IR e 2208 35 ZHE 450-500 cm™ , H: ASE BUE /N F 5 uliem?,

11
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BOtBE 52 M5 .2017 7, GIGHORAMRE T FH— 0% & 44 CsPbBn
PLERT BT SUETHL T B9 B S102 BRRTH A BENLIEOE, W 1.10 () iR
B BT A BUE Si0: IR BRI ARG & T R E RS IR BN, I
BT S S0 B BT B A TR R | A ii M e HUE FEK, R G
400 nm, BKFE 100 fs, EAH 1kHz) FESIKEI{E (40 pliem?) . SiRERBEHL
BET[102]. 2018 4, Yuan % A[103]4 CsPbBrn &F S HIZEKE— MR
WL TeO: MERFKFEERT, LT BFCME LERENECE, B0
ZATE 77 K, BM{E 200 wl/em®. BEJS, Fan 25 A[1071EFH #0EAEE AR
CsPbBrs &1 AU SEHL 1 8O TROR BN ED: . BEVLROLIE A
FEEMESE, BPA RN Z EREGTTR, AR, BARESR, THT
O, BT AR REAE ST NHELR . M. BTems
SK[95].

1.3.2  $54KF F-P BBk

HEATL-THL MAPOX: BERT P R U8R AT, RS My EH
REst IR T, X RS KRB F-P AR [62]. A 1.11 () BTR,
O B R R AL A R ) 500 nm EH MAPbLCl JE 282, TREEH
PMMA 1€ 2L, THAE N REEMK, K 532n0m, 400 ps HhER T,
BIEAL A 0.2 wW/pulse. 2017 £, Chen 25 A[108]4% & i & MAPDIs IR R B
JZ GaN 4341 A A5 B #% I 87 85 ( Distributed Bragg Reflector, DBR)SZH] T VCSEL.
BE Jo ftA] -6 FAPbBrs i I8 #x A P12 5 (1) HFO2/Si02 DBR H1, fEJ 1< 355 nm,
Bk 0.34 ns, BEH 1kHz B FECRSEEL T &anm (~1420). KEIME (~183
uliem?). i (20h) LR E[109]. 2018 4, AP HAMHFE S, 1
TREFEET Cso17FAcssPbBrs 1F A 45 2, STHL T BEAEMEBERIER S VCSEL[110].
TEELE 22 11 MAPDBrs 1 MAPbI: VCSEL £ 2017 £ /1 2018 £E43- Il H Alias
S AFI LD S ASEE, HB{E S B ~89 kW/em? fil 13 Wiem?, EEETR B
fi” VCSEL B9SEBLNIAK AL A= SE I SE A BOE St R il A B i A S5 8K VCSEL
TN T —3[111, 112].

HIRELHEEET VCSEL # 4 T 2017 5, 51 Wang 22 A[1131F] F £ 8L
CsPbXs KM IR A 25 X SiO/Ti0:2 M7y — 3 238 B R BN AL DBRs
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B 1E Hit

e HL, FEPEH 400 nm, 100 fs, EH 1kHz FFBcE T, el TRHIE (25,
~9,~19 pl/em?) A8 M IF (G R A B ~3.6°) Fa g AL R Ml 4r 41 = & VCSEL,
WHE 111 (b). AA, ffiTH CsPbBrs 4K ik A SBR[ CsaPbBre B 5 1,
FIFH AR5, ST 800 nm ¥R FLIE M iR (100 °C) 24T/ VCSEL[114].
[F4F, Huang ZEA[115]SE30 T 400 nm, 50 fs il FEALEE (039 uliem?) f9
CsPbBr: & 155, VCSEL, RS /K 355 nm, HKTE 5 ns FOBLEOR TS0

T HRI{E 98 pl/em? {] BRAR G .

(a) 25_ f\ue’\:ﬂtu‘:ml —; | (b) 001
t I | @ i\
- " (@ | |\
L ek | e ARl T

100 T P
155 1,60 165 w0 a0 5w 0 s w0

4 (scaled x25) e
PL Spectrum 008 rerw
= | L

)

- "
o o

Counts (x10%
5

PL intensity (a.u.

o
o

Energy (eV) Wavelength (nm)
(d) CSPO(CIBI: o CsPb(Br,l,.), o (MAFAPB(ERI),
3 R — T ——

=5
8
> \
@
{ =
i) |
E )ﬂ

T r—

400 450 500 550 600 650 700 850

Wavelength (nm)
B 1. 11 (a) MAPDBI: (Cl, 854k% FH B EH[62]. (b) CsPbBr; £54kF" VCSEL &
FAEMEEHE113]. (o) BT DFB BotrEB(116]. (d) FET FrREREE (2,
123-125]. A MER RO =S PURERBEEE125, 132].
Figure 1.11 (a) Perovskite MAPbI;<Clx surface vertical cavity[62]. (b) Emissive spectra
and real product of perovskite CsPbBr; VCSEL[113]. (c) Schematic diagram of perovskite
DFB laser[116]. (d) Lasing spectra of perovskite nanowires[52, 123-125]. The right inset is

blue, green and red laser of perovskite nanowires[125, 132].
fE F-P WotAs AR LK A el 25 £H K RS ERA 43 7 [ it (Distributed
Feedback, DFB) ¥, B 1.11 (¢) Fras, T 2015 G0 Saliba 22 A[116]8
PRGN K. fAA 1 HL-TEPL 221 MAPDL: 45 ERAT 2645 220t b 59 A 7 J 4
(380-420 nm) FIGHE L, 7EIHE 532 nm. BREE 1 ns, HH 1 kHz FIEOCER
TREMRRME (0.32-2.11 wllem®) . BHFEE (770-793 nm) K450 DFB #
Ho S TAR A SR A IRV A R BO L AR AR P AR IR I R . BRJS R T — &
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FIBIFS SRR DFB BERE[117-119]. 2017 4F, Tia 28 A[120) 8 28 7RI (102
K), BMEA 17kW/em? FIESLR il MAPbL #58k0° DEB #0668 . K% 2018
L, LT ZIRACBE (100 mW/em) S ER I MAPbL #54k8 DFB ASE,
KRR | IRIES LR DFB BOs AR E[121].

B LR AN BhE (40 DBR, DFB £5) S0 F-P B0 LAAN, BATR
FERH BRSO, B BER L SN TR RN . UK 1w 4T,
HESITHESMITANITHEEZ, HARBERN F-P SRE. 2001 4, 4
KRERVEE 1B RS, ARt N — PR ML T B Tk [30]. 2015
., Zhu 25 A[53]8 (KA HCIRVE I & UK B TR T2 BT RCR A HL- 5
AL MAPDXs #5 KR K ST 1 A5 80 492K 2R F-P 0. B TR0 EIR
T AR IS B AE S, 75 402 nm F e 22 T, Se B 7R RME (0.22-
0.6 wiem?) . EfREAT (-3600) KI=EEITLAMYERT MAPbL: 9KREREE,
IXAE LR HRIE B AU RO A, RIBERC, & BT RS 9Kk
AuEor . FIETIR BT Az i, ST AELLAM B LB E . SR E T
AR SR R R e, WA 111 (D BR. AU H IS Xing 25 A [122]
AR SURTTAR S & T AVL- OV R AP ERT, S5 T =iRAPRERO . K
800 nm, WKH 50 fs, EAM 1 kHz FEHDE (400 nm) BORF . 2H7EKE 10
um [HiEH MAPbI;. MAPBLCls« A1 MAPbBrs F545H" 91K £ Lt 1 IR A
11. 60 A1 20 ulem?, FBHET A 405. 372 A1 225, ROGIRAKAE 777, 744 AN
551 nm HIBEOY . AR THAPL-THUR AL SR R 2R ROy . AT L, 2016 £,
Fu 58 \[123]#R3E T FH BT HBUCH BB 40K, Bl FATHUR MA™, FIAIRE 7
A RS FAPDX: 99K 28, /234K 402 nm, BRER 150 f5, B 250 kHz ik
HWIIE T, FAPbL KRR (K~11pum, %~0.7 um) HOYEME N~6.2 Wliem?,
FRIAT J9~1554 (FAK~824nm, SEIEER~0.53 nm), BB EAFKE (6-30
um) MIGKER, WER [REMEZERCE, RBERE 6-30 pliom® 1%, MHE
T MAPOL RERROCBIES, W REEFAREMGLE G E, R
i ERFAIE Y, HH AR E R R R, Ehah ek TR E LE-10°8
A, MAPOL K& RCEE — M EEHR . E 1.11 (), W T304k,
FA 9K ERSL I T 0] VR I8 1 ot R A

BRI AR A EME, 2016 4F, Faton 5 A[124])H K& 4 L HL
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CsPbBrs #K 25| NBOE WIS, 51400 CsPbBrs K&K EE~2-40 um, T
1E~0.2-2.3 pm 5[, 7E 400 nm CEPIEHKMECR T, CsPbBrs 412K 2R S0 2 B
ot HECCBIE A~ S pliem?, P340k 5T ~960+60. 7L [E 72 KKK A BHUK
T UK BT DR 1 bR, AT 107 NEOR B, BT AL
WAL ERT 9 R R HO s, R R ET . F&E, Fu S A[125] R ARG
MOES % T = BRI CsPXs K2R, AFHC 402 nm, K3 150 s, E
250 kHz ¥R F, BARK~12 um, %~0.7 um #Y CsPbBrs 49428 BOG B E 79-6.2
wem?, R HF N~2069. EERERSHEF, CsPbBrs KRR EFF R 4T
FARE 8 /I (EE 7.2X 10° Bkpp A 81D, HARER R4 SR . B ST
J7iE, WS T CTRR R AR AR, I 111 (D Pron, HAEEL
SR = YRR R E R EMR . BEfS, Park 55 A [1261F) H AR
A& TOE K E S 10 pm B2 TEHL CsPoXs 49K 4R, 12 355nm BUR T, 44
H# CsPbls. CsPbBra. HI CsPbCls BIEHRE S %)y 6. 3 A1 7 pliem?, 5
Tarml oy 1200, 1300 #1400 shsh, FERSERT ARSI, WSEH T K
€. S B F-P EOL RS, FRIE J -t #aEH27,128]. T
2018 L T HEESEE M, B{ETE 6 kW/em? BT 9K L EOE[129]. 54
AR LA, 2016 £, B NS 2 5 RN S B IR TE T A MITAR 441 % 1Y
SRR PR BT A Z e AT RO, S T RRE. mRR
B [130, 131].

1.3.3  $55KH WGM Bk

WGM BOBR —fh REFR T BTG, RENRS TSR T 2N R
TERUHY . 2014 fF, Zhang %5 A[133]F ARIE T H5 80 1K WGM ot Al
B K AP SRR 7 5EE T &R £ 8 MAPbL(CUBrx 9K Fr,
HZOEEREFTUTEY WOM fE. WA 1.12 (a) BoR, £ 400 nm,
Bk 150 fs, EAM 1 kHz =il F, AHL-THLAE MAPD(CL/Br)x PR TEN
WK (E~110 nm, #K~33 um) MZHTEHAKE (E~150 nm, 44~32 um)
P T ERIZLAAN WM #ot. =MATE MAPDL 48K 1 2 BR0E (B A -37

wliem?, Fh R BT H~650 . MAPDL; xBry G BI{E 9~128 wl/em?, & 5 FT5~900.

Bl /NI MAPDL ZEAFE#E (Si, Au, ITO) FAK, 38i0F T HHL-LHL
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AL WOM Bt i A SR RRE 77 5 EATEANILTE WGM ot A
[F, 20154, Liao 25 A[134|F)H —H1H i B 43541 & T 45 MAPbBrs 41K
i, HIAKRSA1-10 pm, BEERIDKE 0.1-0.25 . AIEK 400 nm, fk5E
120 fs, FM 1 kHz BB T, R 2.0X2.0X0.6 pm® BRI DL o)
HREH, BOERIEN A 3.6 wiem?, fREAT A 430. 2016 5, Liu %5 A[135]
SEIR T WL TOVL AR AR 9K IR AT A, SR 4K R R R IR L
HEEE Y. £ CREDE (400nm, 50fs, 1kHz) R T, XHSEET 4K H ik
ITHEOR R, LU TREE (<11 pWlem?) . SMHEFT (<1210) SEYE
e IBIEGK RIS, WSERBOE R AR

2017 4F, Wang #)\[136]%%&%%@ MAPbBr; #K BB MY I CFREls
~1-3um) FfE WGM B, 72 €80t (400nm, 100fs, 1kHz) RifT, LM
TAL®E (~0.1nm). FHERT (>5000) fHBEE2H0RECE. 2018 £,
Li S N[137 S SAHIARTT &S B T T e =/ - Tol R s gk
KA. 7E 343nm, 290fs, 6kHz BkHiEUR F, =AM MAPPL 9K (K
27 um, & 80 nm) BB {E H~18.7 uliem?, & 5 FHT A 2600 GETE 0.3 nm),
XA I R TE (AR AR AR O R s . BETERIE (2019 £,
Zhizhchenko % A [138]HRiE T HOGHT ENAI AT 40K WGM Bt FTETIY
MAPbBrIy #4452 E~760 nm, BHREEAE 2-9 um, £ 55 T LM 7 80
KA R AR, SEAEE LR 550-800 nm, AT =ik 5500,

A BL- oL AR AL BRI 40K o, 2 TN B B A FE R B R 52 1 fY
8, 1B 5 R B 2016 5, Zhang 55 A [68]H (KIRIE T &LV ERE CsPbXs
FUR B AR A SR T E SR T mRE AT CsPhXs 1K,
TEPAK 400 nm, BKHE 50 fs POGEUEN T, SCEL T 8 S 0] WG TE I R B
Jeo6iE (400-700nm), =R FECGCEEN £-2-10 pliem?, £8%F £-0.14-0.15
nm, WE 112 (b) PR, WEHEFIEE T RSN 90K HosE . 2017
J&, Guo 2 A[I391EHRIE T % SAB IR TS & 1 7 2 ToHL CsPbXs 49K
RO, SO TIRIBME. U EOR R AT
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B 1. 12 (a) FH-HLHLZ4 MAPDI: (CVBr), ﬁﬁﬁtﬂ*/uﬂmﬂi*ﬁﬁqﬂﬁfwﬁ@
FIBOEIe i E133]. (b) JFEATEHL CsPhXs F5400 G0K o, LiGE—REOLRE K
REBERRHE. GEE CsPbBrlx 0K BOCHEGHERE[68]. (¢) MAPbBr; £5455"
ABER WOM BOURRE. A BRNMESHE[140]. (d) £ CsPbBr; B85 BT

SHEERERR WGM JE[101]. (e) £FAL CsPbBrs 5460 B F R4 Bt [67] -

Figure 1.12 (a) Schematic diagram and lasing spectrum of near-IR laser in an organic-

inorganic hybrid MAPbI; ;(Cl/Br); perovskite hexagonal nanoplatelet[133]. (b) Tunable all-

@ o m T

inorganic CsPbX; perovskite nanoplatele lasers. The above insets are emission images above
lasing threshold of samples. The right is a lasing mode spectrum of CsPbBr;I3 x nanoplatelet
laser[68]. (¢) Schematic image of MAPbBr;-coated silica sphere WGM laser: The right is the
corresponding lasing spectra[140]. (d) WGM cavity of all-inorganic CsPbBr; perovskite
quantum dots film on silica[101]. (e) Laser from all-inorganic CsPbBr; perovskite quantum
dots embedded in microcapillary[67].

BRI ARK A 4h, BRIZAEZ RERAT WGM . 2017 5, Tang ZEAN[141]H
WRIRIE T A TP AR AR ER WGM BOt . Al R A2 SRR 8 R
T HARTE 0.2-10 ym AERCKER . 78 400nm, 40 fs, 10kHz Ye#mh F, fLEF
DT 1 RCKEIESERE BRp, S T IREIME (~0.42 pl/em?®). A24RTE (~0.09 nm),

B T @i5~6100 HYE=IE WGM B0, SUBRMER B2 0 3 57 Lol
SCHL Y 425-715 nm VIS RAREOE. 2018 4, Zhou 25 A[142]7E4 LSBT
CsPbBra ar b GAK~22 um) FsEl T BAELTE (~0.064 nm), FE Mk
BT (~8500) AR EL

ML AN B Ak , O SR KA R B AT SR, R AT LS I WGM ok
2014 4, Sutherland %5 A% MAPbL: SRR 2] 54 Si02 BRI, W& 1.12¢c)
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Fior, SiOaERFRAL 78RS, 2054 355 nm, BKEE 2 ns, EH 100 Hz K563
BT, aTHEEEET, SOKEET, LT BE 75£11 piem?®, fMAEFET
1000 24 K WGM #0%. MM, 2015 €, Yakunin 25 A[101]44 CsPbBr; BT
ATERETE mAEER, S T ARERET = WOM B, I 112 (b)), BotAEE
£ 0.2nm. BT R STOREERGRME WOM BEAh, R4 P84 RO nT R
R Flin, BEETEEN R (ETA%) HREEENE, S8 5
WEAmE R FEEREME T 2R, R TREPERE WGM BOG[67, 143, 144],
EAEH MRS ER LR, ERTRCKER, BE 112 (o).

1.3.4 $EEAH A TFRAELREEMER

Tk (PC) RGBT NG A, Ba K
KR FELIRE. A —4E PC ZFA DBRs. DFB 2544, H85 Bka JE FEre a),
PO AT L F-P SRR, SCON T ERR L IREBOL[108-114, 118-120], EF 1.3.2
TR . I 113 (a), 2016 £, Chen 25 A\[145)16 15 % & T MAPDI;
Wi R N —4E (2D) PC, RULISEIR T DOZe Fe 436 13.8+ 0.8% M IR BB (68.5
+3.0 nliom?) HEERY, MBI PC EIREE L, SEOL TR RO R .
2017 £, Schinemann 5 A [146]1RIE T £ VA H] % B =48 (3D) MAPbBrs 75
SR OAR RIBHKEE K, 1 532n0m, 0.5ns, 2kHz BIPZ T2l T B e
Jukht, EBI{ER Léemlem®, £8% 0.15nm, WHE 1.13 (b).

ERFEEET PC BORAILE T e TR0t us, Botds R Binfe e
IR EA B . SPP BOGAR IO M ILIT#E TGS AT SRR, fiEonas R it
NG EL[3T, 41, 43, 147]. 2016 5, Li & A [ 1487 & B T FURS KT /R 7
P, B T-F S U A S T A BURCER g R s, A 113

(o), PLERT M SR IE 20 FI S SRR, T IR N PSR KR LA SPP RIIE A R
Hu%r B, {E 400nm, 150fs, 1kHz BafisR T, £ AR E L, 5K
T F-P (FBEFET~440) Fl WGM (bR R 7~855) BFp {14/ T 60 wl/em?
MRS Bt . FIME, Yu %5 A[149]1% MAPBL KRB A HE 10 nm 4642

(MgF2) BURME L, gokeimmigtt F-p B, ABORIEMIERB, gokeEm
MgFa KPR TR B ER ke, MM SRR TS5 THEE. TEERES
N (400nm, 120fs, 1kHz), SEELF-P &R 7HOL, HBIERN 13.5 wem?,
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FHAF K 151, £mRiR 43.6 CHEEEFIZIT. 2017, Wang % A[150]KH
THRBRE T Al KRR T U SIS RT CsPbBrs #K8 b, SEHL T H54K
U RTEE TR REE RS . K CsPbBrs 4K RO 2218 P T ) WGM #%
TeasBEFEMR 7 20%0A £, BaRfEiRs P EER M . 2018 F, Chen
FA[IS1HEH S CsPbBrs BT 2T SR SR FLE BK A brEd .
A CsPbBrs B SENE RN R, S 9RZ A RIZ LR 1§ A F AR 5
R RSP I SE ST, A SEEL SPP L4 . FEXUE T (800 nm, 100 fs,
1kHz) T, S 7 HEA 1.80 mlem? FF5ELN 25 T4, LA 1.13
(d). Shang %8 A [152]F)H MAPbBrs #58KH 40K 28/Si02/Ag 1R B 45 W LI EH
TARE IR, £ H P, 9KE0m R R 6, TR F-P o6, nfE 113
(e) 7R R H E 14T S8 R B35 AN E BUE R ARG S BRI
T TFAEE, HSRE PN T ~35%, FE =i N 15 81T 4R M I (~520 nm)
Rabi 77 AE R ~564 me Vo S H 5B TR A5 W RIS 85 800 B DT, A
1 FRAR ' B E Rt R IR S AR B D, (B 5 S TR B AF A
H SRS R B MR R A BB EE R L.
5t G RO S IR IR T 2 R SR S N F] TR TR
ETRT O FRREER, THRATHRERESOMET R, B%REHE

A AR AR HAE A OB BN K00 Imamoglu AT 1996 4R H[153].

2017 £, Su 25 A[154]E XRIE 7 CsPbCls £54KR 44K £ Z B T R E 1
Hote W 113 O, ZMIESEREE —E373mm BER CsPoC 44Ky, LT
FIEAT A 7 XFRL 13 3 HEO2/Si02 ) DBRs. 78 CFMECE (375nm, 100fs, 1
kHz) R, BOGREA~12 wWiom?, &5 EFR~3000 HiBiSHELE MK
. BSEEER. LSRR T ST b TR, 2018 £,
Du % A [155EAL S R IRV B & S L E 20l CsPbBrs KR PIIESE T
- e IaERE, ST —4% F-P BREE oL, RS RERENRE
HY R g, i 113 (g Bras. HIET Rabi 0 ZBE 51 656 meV,

R #eemkE R BN ERC, At Bot I A ST, £ 400 nm, 80
fs WOGIRA T, CsPbBrs PR AL T-BOL BIE(T~8 pliem®. i8I FLEHAK
2R IS AROLIE I TR RIESE R B T RIbE RO
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1.13 (a) 2D PC 4PREH SEM (). WHIR 1 pm. THERISHKT PC ¥k
(A [145]. (b) 3DPCMAPbBr; B 91K 4K SEM (). JF ot R i
(F) [146]. (o) FBHT RARBREFETHBIOLTEE (£). WM ST SE T4 %
Jtik[148]. () FHRFT BT RSHKEEETHECE. HERNEAEANFHARERR
[151]. (o) P5ERF KL/ SiOVAg FRTHEOLRRAE152]. (D £XHIEEF CsPbCly
SR A TR RRE () MREFE B) [154]. (2) BTFRLTFREABRSER
BALET (). BRTFRGEILFE FROCA FIREBRE P RREE (G) [155].
Figure 1.13 (a) SEM image of 2D PC nanostructured (left). The Scale bar is 1 pm.
Lasing from perovskite PC with different pitchs (right)[145]. (b) SEM image of 3D PC
MAPDBr; perovskite nanostructured (left). Lasing spectra from perovskite PC laser
(right)[146]. (c¢) Schematic illustration of a perovskite/Ag heterostructure for plasmonic
laser. Lasing spectra from WGM perovskite plasmonic laser[148]. (d) Perovskite quantum
dots with Au nanocore plasmonic laser. The inset is the relationship between output intensity
and pump intensity[151]. (e¢) Schematic illustration of a perovskite nanowire/SiO,/Ag
plasmonic laser[152]. (f) Schematic of the polariton lasing in all-inorganic perovskite
CsPbCl; nanoplatelets (left) and emission spectra (right) [154]. (g) Polaritons form from
strong coupling between the exciton and the photonic mode (left). Emission spectra from
perovskite nanowire polariton laser under different pump intensity (right)[155].
AL THOG AT DL T OGS MO 7T, Al i TR IT%. WiRiA
HlgR S k. BRI A T EOLH RE tER BRI FE{RR S, [HEEk
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ESR I FS BRI AL = T RO BME TR B R - BT AL A oA I e R T &
Gy oy R T RS, SEEEA RS, HEMCEENREER
Bom, Rl T HER, TEE - SHEART.

14 FREXHEERRBHNAE

WAABOL S ERR DR ER ST ERURFMW. F LEEZR. &k
EYRRENE BMREL DS BEAE KNAAR. # S0 EBE - BEM
FOGHER—EIERA His . HELRZZ M2 BRI MR sE, |
ZEMLFOGEATHI R A SR, ROT SRR S B Rl B, BelE
AR EE R A AR TR S B T B s ROG S A B TR BART AR . B0 8 ARl
SR TEAIRIBIE, HiaRAFEMBLREFER. Bk, £E5E0RPEIE
AT ER, TR RIS MaABO EA ERE . MilAEER. BE
TRE. BETEERE . BAE. RBRIEEE . KA SN R 2 2 il
PSSR 1 2 S BUEANATRIARE, AAREROCBE T HIBETHEFER
TA ). METRE AR A Y- MATZE PSR (R 908t A R AP R
WEAROLEE, BEAN D TS KR ASEHER R R, mREME
(4 TEA Cs™ 2 )AL PSSR0 R AR I07E A 55 T B HL- AL AL 3R ot
LR ERE T, ROLEMRRE. BEAXTEEBESH BT E AT £k
FLESER AR, DUMAMEATIR T RS o8 T AT RGBT, 20455k

I RE oG I — 2 N AL
BOoBEER T WMABOUSR RIS, 1% T M AEOLSERITERE

EANE T &R Y8 B i ot S B AP R ROt Y R R L BUIR .
BB TEAG TR ROUIE R REWMENEOL SR RER Rt T B
FEBUWAMOTIAL, A8 T R KR4 T CsPbBrs 85 8k0 i 4154

JePERE . FIATHEROUHT AT T BT B AR, ag it ARl WE

AR SR, IF AR PR - TR BOREE T T S Bk CsPbBrs R JEH LB, R4t

WHFL 7 R R ST A58 CsPbBrs AU B BT T, K 7 RIBME -

i 5 DR T B BRSO B < o R R G R R B 2 TR S 1 1 9 NI BT T T

TEPFASFSERT CsPbBrs AN E0 B E PR
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FHNWETTHRY BT SEEROGIREERT. MHZERK Sio: R
XHESERTT CsPoBrs BT fldtAT R GE, ARSI 2T S A6 21k,
FIE 22 T T8 800 8 T RUBCK B R BB ST R B M ANEO RO REE, FRIR T BUR
E.

FHEH T BAESE R R T E M 50 CsPbaBrs 285
KRR MOt ERE . MRDEREBOEMIT 17 CsPbaBrs PUK A 2 A
HobZM it SRR, IFREVIFT CsPbaBrs H4K  MAABOERIP
TR RN, SR U AREIME . & i B T R R/ 2 R RO T

FNER AW AT TS EE KT SR TARAT T RE.
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F28 U RS RIEFR

21 5|8

& B e A SR R R B R RO Mk RE . B 2014 S IRTER AR
AR [56], MEJUE, FE T UERRE, BE T4 ARE MRS £
R RABOE R RIS, MHROBERE. VB RSB GRENHEE T EES
Mo WMEIHOCRAA SR, RERl R E TRBRIREEE, oK. gk
L, RIRIGEDHE, ok T B BRI S 4 HERE 0 & BAL S AT B AR
R, REEMXBEOCRIER S, MR MSERT MANROEHAT BT 5,
B RAS A AN A R BB P, SRR PR RS B TANEOE .

2.2 $ERAHOREFMRMR

2.2.1 SRR EAMRRERIE

& B LY R SR B R T — B K BB T RCK 22 18 o SRS 45 R0
WMEHTER A ERMERIRAN . FIAGRGAMET B8 (Scanning
Electron Microscopy, SEM) XMHEH B & UK. IR NRMTEH ML
FREAT WA 4T . SES R M A0 SEM {599 BT 7 TESCAN A R4
7 P HEPE 3.0nm@30kV, JEOARE R 2.5-1000000X BA K B H A HLTHR 2 4T
Ko TR 08mm@I15kV, FONAEEL 25-1000000X . £ LHEEKT 2T 4. 99K
B, gk b iR LA AS M. AR SRl i B ZEISS A "l AR R T iE
5F B8 M8 (Transmission Electron Microscopy ) W %% . B{& 281 0134 0.24 nm,
JERAEEL: 8-1000000X . BARFIBERT fhrs 2206, HE& 2 #HE M BT BWE
(High Resolution TEM, HRTEM) W% . X4 JCALEG LA 5 34T TCHUAH -4
R MR, KANRAARSEEH X HEATH (X-ray Diffraction,
XRD) CuKo #§, A ETERE: -6°-163°, HHEEE: 0.1°-50°/min, IRFEE:
0.001°/ . WETLHEEN BF 8. SREERHITTIEMELAS TR EEH
T8, RAREEELL (Energy Dispersive Spectroscopy, EDS) 4 [id SEM B
TEM MACEZREHE . 4O R R R BUR eSO 6IE IR, RA K28
KRNI 246 A 7 A F= B30 - 6 B i, AT VE A BRI sl R e S0k
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AR BHR S AR Ao TR RERT 7L

[EAS I IR 405 nm 1 ABURIE, 456 3 BB EER S AW A P OG5
U« AT A TEALAT KA RE T R A B R CRE I, TR O 1 A B S R T
WSO 5545 L, SR A2 H A Byide 4w AR 7= B R AR - BT M- 20 04 e 6 B v (UV-
VIS-NIR spectrophotometer), K JEH: 190~910nm, 4r#¥EZFE: 0.1nm. KRR
BEERA TGO B W R o A 28 B A T A ERE IR A LA | AR PR R 4K
EA CEPBCRES, 0K 800nm, BKFE 35fs, B 1kHz, ftheeE 7l 6
mJ Al 7 ml. AT RHIEAR A BBO 5508 M5S0 400 nm &858,

222 FXEFARLEMRY

AR A S AR SRR P 3o PR 2 R A B S BB . 1990 4F Sheik-Bahae
5 N[156]42 A AL 7 49 SR AR I FE 2R RO, XA 7 i3 B
e, MR, RS A B 2.1 #d 7 A ROR R 7 R E .,
WOLHE Rl 2 Wl 2 AR AOE, —FROGHEAIRINE 10 30t 806 RN )
HES %, 5 AOCRIERELRTT IR, /0L GTID) FEAR
M2E 2 ChRITBOLRRNE, HNEAs TR et 7 fhE T L
2, BTRES ARG R, AR ARE R S R Th 2 R A AL, DA
W ThEIE QD (AR R, WERERLE-Z B+Z 2 AFE K
FHERMBZRFRR, o 3 2IRPE AR R I R 8.

Lens 1
Beam splitter Sample e

Detector 2
Laser

-Z +Z
Stage

Detector 1

B2 17 3Hi%E.
Figure 2.1 Setup of Z-San.

HAL Z s rh, MR A2 s o]k 9 5 A8k, BT S BOMR
i) S AR A RN B o] LIS, DRt R LA T R Y SRS R TR ek
G e TARLEPEN AT BL 43 Ay E AR USRI S A AR AL, S A A UAL 3t — 7 T RA Gy
XTI (Two-photon Absorption, TPAD . =PIl s, HAkHh, ¥k
ANSFEFEM, FORMRIER F% ETF, EEAELRAR, MEITHR TR, ik
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F2E SRR RIE TR

WATIRCRF L, R R MR R T, AERUELRD, WET
m T, HEREESNELERNFHAGR, WE 22 PHENEEZER,

R M A ) R AR CROETFIREO.

L] o L L T

|12,

[~

S
oo

JSO(iW."cmi |
AT 700G W/em?,
= ' 1300GW/em™
v 1600GW/em? |
pure PVA @lﬁOOCqun

40 20 0 20 20
Z(mm)
B2 2 RAEET, REITTILZ SN LR R AL 57).

Figure 2.2 Normalized transmission as a function of position for OA Z-scan at different

Normalized Transmittance

S
f= )

-

intensities from black phosphorus[157].

ASCE BRI AL 7 SR S AR BRI IR . 7ET 6 TR
oA, — A B RN T, B AETESE, SRR
R — B SR B T APE SR PR 5 B o 5 SR
S, T LA omor o, B o, REMETICR B o, RIS IR RS
BOR 6 T RS (LB 2 AL B H[156]

ngcxf Bl (2.1)

daz
HF o, U2 TPA 25 MEBAOCAFHOLR B E B RRE 25 Mt

e, FRIL Z P ER I3 —1bF 5T = Al {54k A[143, 156, 157]
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A RS MBI R T

(—ogliles ) ~ 1 anll,

open 2 =1- 2
= 242 (2.2)
(2] oy 21D

R

B b RE SR DR ERE, L,=(l-expt-a,L,)fo, RFEGRIERKE,
L REEFHEE, Z REESENESWNRCRE, Z, =710 /4 RMFHETHKE,
o, RREFN . EENHER, T EEENT Z B8, L, TUENTL, .
BRITFL Z H3iSh, W TPA BZHBM A —MERTEERSAEARNE
SHNE, HPREAERFERCRESR (Z=0mm), B FRMNENESRIIEA
SEAIZE ST SR AR . (ER TPA BLRIRRER A ST 38/ F 54T BB AU L, nE

23 fiin. ZREARGEERE, UeERE R A[143]

(D= expl-al) 1 5
1+IBIDLeﬁ" 1+IBIDLeﬁ"

Hep 7(D R F i 151582, b R AGT8Z, f RESN BB AR TPA 4.
i ERPMOTENER TPA R s E TH R RINEHEHERIEE
HESR-

T,

1_0 1 . 1 L 1
1 2 3

Intensity (x 10° GW/cm?)
2.3 CsPhBrs BT AIE A R 5 A SR F b R [143].

Figure 2.3 The inverse of nonlinear transmittance versus incident intensity from
CsPbBr; quantum dots[143].

223 FEFIEH
B[ 2P 40K B (Variable Stripe Length, VSL) i AN 2 S4E Je 2 25
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F2 8 BT AR TERTTFR

HOTANEFTEFAMEEEMNFIOCEEER R, FRMAHLERET, &
fESREe RETI. BEiffth, & 24 Bric. 800nm KHBUE KRS H
B EEMNFLOOE, BT el AR RATH S CHRENAERE, W
mATIEE TIEERE, MELBUERS THRANEMNEELN, ST 2 S
AR IR B L

—HCR UL, A AR W L, BRAFEIE a5t EH AR5 AT ST
WS N FIRFEREE, BEEZMAERR, DAKIEE X THRE. Bl
EKE (I SHMHESESHEE (D XFR, ¥FABHE S EERL.
(1) HHEHEs XTIRER, THE L TR AR [0 eI RHT
A, BHEEGEEM, WHZHENBEARTIRE SHIELEN ASE. (2)
L RS SIEE A, I 5 LBRUESRR, BEHTEERR. 3) &
HEHE N TR, THE LA HER M LB e —H% /.
ZRRM AN TIRGE, BT RFERR. T T ey, Hig R
7o, Al@t VSLiEMER E.

ICFEMEEARREFRLRERR T HGERE, XAFEREY A
#H[101, 143]
Aexp(ng)—l

g

R I EHHAE ASETRE, ARTH, g REGARY, LERBRUN
KE. B e ARG REHE.

I= (2.4)

» ASE
H2. 4vsL NiE+EE.

Figure 2.4 Schematic of VSL measurement.

ASE HUFEZRGR BT 18/ MY B RIS AT i REXFinE SE
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2B IRIRS SR A B R R

AfEF. DB RERIFED ER, PR ARE, LI EENE
UK. MEF IR %, ASE RS EE, SR . RN R
R izt (BUMEE) ALRY I 7 RAUBCHARBAC (BUER) R RECR, 1Y
P RAMHENEEMN.

A SCERERTT ASE B A5 H VSL I 25 ME, X AIFE T VSL R
EEBOR s, WS RHFAKNE, BB LRBEE R R4, 1 ASE &2
[ 2 FRIMOGHE, DURBOREE, BRSO (Bfb) RMURLRE (R7E) KA
7E ASE M= R IFME 2.

2.2.4 WEBARE

o FRX B R, FEGMLRE DRESHITERE. YRR H
TREYE (MR A T, R 10X, 50X Al 100X) HEEE DURUR AUk
R AR BRAGIR S, A 2.5 B, PRI ORI g E, X
AT (800 nm) B, BEA 800 nm CHEOLIE AR, £H HARIEAN
HAERRME, LBt RETFEHANE (100X) FENRADLHERZL~1 im
CGEPEFIED 5, WMRMEESHTHRE B G. R EENRES
WE—TRWEE ., BatR aAREDE, —HOLE IR B HANRNIE, 55—
FOLE S AT o RIS HSEE S 52 B A 2128 1200 mm™? B35
A FO HE f 7B 2 234 (Charged Coupled Device, CCD) HHAT AR 4T N FEHL
(55 N T MG ANIE TR b 080k o B R i 8 e R St R . el i@ i
Yk B RO (55 4 R 8 LRt AN ERIER 4047, TS0k 8 i o B I
W B B RGTEHETT, IS S ERHE AN . M RO T RO R, B
FFYE (400nm) A 800 nm KFEL L BBO {541)5, TR H IE kA0S
2, WE 2.5 P EELHE .
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B1E EUY RS ELFR

Camera
i
BS Filter
—J—O—ﬁ Spectrometer
Lens
BBO.....
: BS
Ti:sapphire e
laser system
Objective
Stage £~/ Sample

B 2. s 45 Nob M K E. BS /& Beam Splitter.
Figure2 = Schematic of setup for perovskite laser. BS is Beam Splitter.

SR At LR K o R R (] Sy BR AN T 10 ps KIR UYL (PEIRIE
A ZAFRENMTAFRE) FE. FERAERIEIZERGFTHT.
BOLER R A dh B AT RERWE S, D5

oL
A

QEHE, FEHET MAROL M.

o (25

2.3 REAEET Z XM

AT #OLF LED @ {FRit, SEES IR, £FERENR, NRETE
RERIE, «RENAZGHNEE, SHEEERE. TR0, HAEENBE
TRPELREER.

ATHTRERSS FAER, BITRERT LR EFEEYFER
FMESERAERSE (HE, $ENE) h, ZEEREFANERESNSEA,
BREAETAEEGE 77K E S00K. E 26 i, BEXREERERE (£
BB 10 cm) EAETEIFEM L. BUEFRSEE. BAEREENESHEME
FE R EE R RICE T .
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STEAL R IO R T A L RERA L

Lens

Ti:Sapphire Laser

etector

B2 ¢ BERBRRAAL EE.

Figure 2.6 Schematic of Temperature-dependent luminescence measurement.

231 REIESEEERESM

A FTER, BIESHEE SRR NRIR[158, 159], BHE el R4 E
B, MR AR SR RS, AL E SRR BE A E RS (K
28, ZAlUFERRFREREESHT-FFRe 8 oA R AMmEA,
FLanAE AR, 5] RLAY S A IR B R A B AR AR BT BT i SR AU S0 [159-
163], TEIEIP% ik Sk BIREHENB-FR 4 Ha @R FHERERE LA
o, BEERETRIERETN, ERBRTHHBLNTh. RFEERE
54y AT LUEE Varshni 77 #2[162]:

E (T)=Ey,-aT’[(T+ B) (26

B2, R E(T) 2 HEREEESIETH, £ R OKHTE, « SEER
#, PRWH.

5 bkttt SEAR, £—wEEA, S8V RATREREA SmiE
K OGERER) [164-167]. Fralih, 4 T4l CsPbBr: &+ & (AT R E A T i
Attt R IER), XA HER BT CsPbBra 4 # TR BEIEE L H T T 5%,
SHREILEAE, REERTHRER, MESHRN EFREETREE, LE5E
FEEW TR, TR BF-F TREEAMRE T BIERRIEI4EE[114, 165, 168,
169]. XM E Z T4 A8 A Varshni FFEBEE 2.

FE, LSRR £ SR FHEERETL, E5ERERERENBT-5
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FREEHNERT, BiatSERERELEREK (—RMEHEE), TTH
AA[165]:

7
+
explhao/ k,T)-1

Eg(T):E0+ﬁTET+ﬁEp( 1) (2.7

A SR, Hor £y iR OK R RFERAHRAL, 6 RS HEAIKRL, £,
R T-FTREEMRE, b RIREEFE, hoRFTHRE. ATHTH
Zﬂﬁs % 0K ETJ" %g:%%ﬁé:l_i%s EI:I Eg(TZO):E0+ﬁEP e

232 EFHSTHIEE RS

KHALLR, R E R R LR — B AR AL RSB R T- TS
TEHHLAI[164, 170]0 50T 28 T8 BE IR 00 2 58 & B2 B T B 0k P 19 S8 4R 30 51
AR, AR AR BT s TR IE 8N, KR Zh R AE S . R
Frohlich fHE/EH FE[164,171]. HABMHEL/EHT URHBFSHFHFERE
TR B EREERE, T ERSEE TRMAENN-FEME %, BUT5
SRR A . XA EAR e R LT RETT S A . TENR A SRR L S
B, BHRR | LA B AT R IR R RN SRR T SRR EER . 5N
TiFESFHEERAE, Frohlich M EAFREHE TSR EG M ECHE
TEHGIEER, Bid T EFSHAREEEFEA SR R AR F RS
R A SN ] FEIZ T LR R [172]) . B4 T AR E vhse T IR E8 1 AR FITE
A~ B B T R SR

REHTHN L SHS, BRRTHEFZEPREEGEIAR, B REL
BRI R SRR HE IR R, Rk, A EEE T
TE Al e o g 164, 170, 171, 173]:

FT)=Ty+y, T +y,E" -1y 4y, e (2.8)

Hep o 5RELRGAEDSRER, B\ TET-57 8 a/E BRI R
TP AGREE GRS =4, AT EEYE TS R0, ¥ 5RAR
HRER, FEETIANT kT Vo BT 5O RDEE 5T/ E R AN Frohlich
Mo R, EFEFRE—MELTEFEE, HARM Bose-Finstein 574 :
E, =ho, RS TR, 7, A4 RS A B st 5 m i AR5 i %
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W EERD, B NTHET SR,

233 MTHEERE

WA e T EEA AR AT ERNEN. SRS T
BRI E (Kp7=25.8meV, MHRLAMNEAD, EFIE (7=300K) FET
MM ERE HEBR T, ST ASRT KT i, RS RFRE ET
Bk, X FORFEBEEMOR, NOET A SR, AR T B BT S,
MR, X FREBMRE, KM TEECREAMN. MEREN LT, 25
MRIEI TR EARTS . AR aE, (1) BEEEE LT, FPREmN, B8
HLT- P TR B P 8, A A AR R SRR AT A LR B, 5 SR TG AR I A
(2) \E BT, BFREsmE, SEREEE.

i1 Arrhenius /5 FE[166, 174]:

1,

= s

(2.9)

Hep, I(T) fl 5r R REER TK f 0K (BRI TR EE, 44
F—8 M b RBUREZ2ER Ep AT EAERE, MEETROGEESREN
FAEMUE, TURIHETEER. SLISRT PR TEaR RERT
meV[68], T RAET 45 & At BiE & R OB 0 A T .

234 HHERE

FESRBOLBESREARERM KR, BEMEAEREN LT, BT
SHLE RN, HREBREE[175]. SRS, BTFHEEM. EEN0
EAE, BERMEEEAR. ATEERE, —HESEBOCEN B EREEE
AL AT T ARLA A[175, 176]:

P T Yy=F,;, exp(7" /' 1,) (2.10)

Herpt By (T) #0 By 27 RIS E D TK AURIEN BB BME, Hb B, AR T,
PPFFIEEE o« FFARIELE ] BLRAE S ARG RO B EXT i AR A A ZRE)
HAEME, WRECCEE R A SR, BEBT IR, B
Hotam e sy . BEAM, &1 BT X5 A, NEoLSRETHEERE
. BEESEEMEEETHEOLER T, B 100 K £A([177), REER

A

o
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%2 E PO I RIET R

WA . UL, REEFLE X E SR BOLE R AR EEE . T EER
WEEN FREXNN SRR, SHRRAESREEARZNAE TRER
WEIERR T 500 TR S . SiER. SE TAENSHTRT MRA 2
SE S AL IR L 0 AR ROt R .

2.4 XFUBRASRULIE

KRR I ORI R B3 F3 SR T 5L, 1987 £, AL H. Zewail
AT R TSRO B B I (B 2 B RE ), FE SRS LR RN TR RN E
ASRIAEAE[L78], FEALTAT T 1999 FEHIHE DURME L. WRPRIBERIE: R
MEF s ERE LRt RNIRE 7A TR, #rzsaadE. 1k
LT SRS S R AR . WA RO A R B R R R
WA, BERAH—RERMR RO, MR RNEER R A, Hinke g
7T BUR T RE 4k T BN BT RIBUR A, FIRFRA 5 — R SR ER 5L
FSEER MR ) B ROR JE P AR B A, IR D P RS RUSE RS, AT RASR
TOAY: i SRR 5 A [E I ) R OB A RO 6 . = R Il 7t 4 B4 o i R
ISR, LB RBURASSN J1 LR

AP K BASRICRSGINE 2.7 Bim. DECEL RS (B
A 800nm, WkFE 35fs, EEMIE 1kHz) ERBOEEI. HREA CRBME
SR ARG Hh R EEERREER 3 mm BEREESA, AR
HES: G, BRI, HEBHEER, B NS, 28ty
HREEILEREL, REHAEMAETE (300 groove/mm, 500 nm blazed).
AR ARG, RGN R, mERE . 1] e IC
FERM. Hr, RS ARSI G AT RN 2 B (0 (R RE I 1R), AT 1 8
R B RO R IR B . SEEG T, ZRI RIS AR AR i A B (RAE 7R B] £
B, FREBCHER K TR . @SR R EIE A B T 6 55
S5 B RS RIERI G B S R ARk, B T = 1[I, x100% , FA T T 4y
A E AR RN ATRO 558, RJ6RE (Optical Density, OD)

7
QD=—%7- (2.11)

0

W A MRS S B0 L AR M 1 R AR i R I U MR BB 1) OD Z{E, W
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A RS MBI R T

I —aR I mp—o I —oR
Acu):cugmwwn—CMgmwﬂgZ—Jg—g?L——[—ingf—i]z—Jg{}ﬁ@L—J(212)
0 0

pmp—aff’

MERBRSRUOLIEESF, B85 WVhEoLHE . 1EH 330 AOD Zik
FE= T2 (1) EHBEH (Ground State Bleaching, GSB), #H#MHESR
WOEF B RAERIE, W ERESR TR (BEH). ARBLEEN, KRG
MR SRR R 2w, FhmW A A fE, B GSB R
SR FAES; (2) HFRIL (Photo Induced Absorption, PIA), ZRilJEis &R
ErEAENEESBRIGETHIER, MEFRADEE RS, B PIA FERIC
Jeik ot R RS B (3) B EE ST (Stimulated Emission, SE) S EE4E 4T (Photo
Induced Emission, PIE), FEiEJCHEFEMB A EEESE, EHEILERT, 2
SRR E B R A T R RS, METERNYeE e & in, B SE R
TGP RIES .

LG, BATFERH 800 nm FEIMIE KM AR L F LR TR
MYEHRIEZ L, B 5 H A S ERER T30 7%

Beam Spiitter greeTsisnatrstani

Ti:sapphire
laser system

' Adjustable Attenuation
) Pump
Sapphire

pulse

| Delay Line

- |- Shutter

Filter s k‘w. Sample
Detector I

B 2.7 CHRERERErBE.

Figure 2.7 Schematic of femtosecond transient absorption system.

2.5 KB
BRI R T PSR A KRR A 1 R R E A B R FURIE T
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%2 E PO I RIET R

REFEE. BAERNENT.

L PSERETAURFPR R . iy REARJCEMER M. IR SEM. TEM.
HRTEM. XRD. EDS ZA(S#HAT &LV RT BT 5. 9Kk 90K A 3R
Ym0 A . MA UV-VIS-NIR 736 56 T AUE ST S0 IR0 45 Bhh A2 A5 i A
TG AT AL .

2. LAY SSEUR GERRIE T . BAERBERY ER AR AIEL
PEMSSCRIIE 2 Rp 0 JEOK R B8R B T IXCBOGHY BIE 2898 W5t H T S RS

3. BRACICEMRREM L. AAESBARERERZEU ERIEEEN, %t
TR ERCC . R B EESRENRL SRR, Dot SRR
T AR AR RIS ey BRI R 0. I ARR ASE EREI, SRR
L, FRALES BN 18 2 X iR A 3244

4. WP BESROROGHE . IR IR SR 2 M B R B T ROR A A 1 2
e XEROETT S, JasF g 0 B PR 2 AR A X Rl A0 A 1 Yt ik B S
PR ARG E B EEE .
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B3 E WK R CsPbBrs #5809 AE B3

SH3E KR~ CsPbBr: $58AT AR BB RS

31 3lE

A ESGTE BB R T E LU ot i Bk . BAA R R EOE M RE R
BT R 2 f LN H R B S I E, GlaneE i EobilfE . Ak i E.
HAREE T [4-7]. IEER, UREEE, S&RBHNA RAEE T AR R
W6 BRI R T b F BRI I8, 35, 36, 49, 43]. i, W T ES&ENR
EABOLIERY, RO THRKRERMEEI, X R 2 MO ERT IR IR S5
(1. Botas N B F iR R &, B

mA
2neff

Hp LEFOGERER, m BB, ARBOGHK, n A% E. Bm N 1N,
LANENiS =SS RE

L= (3.1)

A4
min anﬁ

AN T A GIT AR R AT RS H T BR WU P00t 14, it
P GEROL AR /R K 2 BRI R ER 511791

f =ntin)
G

Hebp M p RECUERERN R, G, =0G,, G, AN, G, NECE/ R
., o ARRGIERT . T RAEE R SNEOEE R, BIEE A R,
fE8%E DBRs J& BIEARA JLAMROK, #aigit, R 3.3 R R 1 RSz
KT 778 3.2 MR Hat = it & i A PO 88 R 3 — 2 B AL Y 3= T
FEOLF I . ERRERFNEE T, AERHAECLIRE, BotN IFEEER
iipystece: Fn

& B P VRSB AR RO AU SR, B HAR A K AR AT
far. RKWRCAREONTS PLQY, WSl 1R TAEE 92 05067, 180, 181]. 37
REA RSN EA ABXs i EEEE N kT, ] LA & TR gk
258, Bl QDs[101]. WHRCKER[141, 182]. WUHKER[S3, 124]. WU Fr[68,
133, 183 AR/ KAE[131, 184]%F . &il, REEEN RGN 2 Hig Ot

(3.2)

(3.3)
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fK{E ASE L) 5 5 & F-P 8t WGM #8557 B FIESE[68, 101, 102, 124, 130,
133]. 0, 4 2014 5 W Xing 55 A [56]7E MAPLX 5 86T {51 AL & 43 1l S5
DL IR ASE fIEOE 2 /5, Zhang 25 \[68, 133]4) HI7E 2014 HF| FA M- T4
£ MAPbI3(CUBr)x #5858 44K A1 2016 45 F FH 4 oML CsPbXs 4K kBl T
PEBE Y UL L0 AN AT A] 1% WGM 0% . 2015 £, Yakunin 25 A [101]3@1d PbX2 #l Cs-
IR A IERAEIE T A B P A0 fe] 82— 28 ROMA AR 1 CsPbXs 42K Bk (NCs),
I NCs 278 # D ER LS T ASE fiI'= i WGM #0%. F4E, Wang &
N[671HR &k T E A KFE ASE () CsPbBrs 1 &, HETME FLIU T WGM
Bolt. Zhu 25N [5317E 2015 i@ ICIR VA AL RS2 1S {E MAPLX; 45K
ROt . 2016 4, Faton 25 A[124]H1 Fu 25 A[12514-53R3E T A mfRe 4
oAl CsPbBrs 42K 2k F-P Bt . A8 D IRIE R85 B0 o ae A M R~k
AEZAYEE EMgE B TRAC R, Fral 2 i E Bot ST 2R 10 s KB R ek
Fer, (BFSERAT MIL R e AR DL e T3 S 0 3 i 3B A Bt RO B A4y
B R E R T TR

B 7 RFIRG]Z 48, B F LSS E I9UREOE S B — R R 2
T H R S SR T S B AR E AT RE[185, 186]. AHEL LT, &l sk
FLERET IR B A L E S T R T A5 5, SRINH FE AT b BRI BEAR E 167, 68,
124,168, 187]. REIEA ML, CsPbXz M AERFHRE M A HENH 5T T
ML ES B M SI0TERE, HEMER RIFFEEUOERE . —MBo KRS
BALE &R ERR S R e BRA IR T, Sl& SOy ae LR s KA E E[124,
125,188]. i, #EHRIE, FZF0 FIEGHERP T CsPbBrs 44K 1E No PRI
AT AR B SR BOE R B BO S N R R 10° MR B A124, 125

BrRACT R SIS, AW LM AR S — AR EH A AR
A SRR ST B BE LS M ARE 159, 160] . BT IR R PL S5, ArRITE
CsPbBrs B 2. HUKGEREMAKE T, VT PL IGERE &1L 80 FJ 220K Y
LMEF (032meV/K) [165], M 80 300K HIFEF (0.27meV/K) [189], LA
K 5.8 F| 295 K /NI HEERE (0.035meV/K) [190]. 5T S iRiEE, 2L mibses
LT BRAE T S R AR B N W] R R [164] . AH R, 2T
CsPbBr; ¥ &1 PL IE4E 300 K L ERUSE T RO HMEE AR, JLPE
EFE[168]. B, HEIREAGUR. S35 A RO RAML EE
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B3 E WK R CsPbBrs #5809 AE B3

3.2  CsPbBrs $55AH KRB SR ELR AL Z MR

3.2.1 CsPbBrs 58K 4KIRM & AU 50

CsPbBrs F58KH 4K B 1 I IR 78 0% B i [124, 125, 188 H B4 354
ERTALE, FIAEETAK, AR, LB 2-NEEBRER 20 08, BEREA N T
. MABENEIEERM O T THAHE 15 o8 bl b, GIECEAKRTE. K
PEDOT: PSS ¥ #fi LA 2500 rpm SR AE RIS EEAR_E 40 70, IR IR BRI EM AL 120°C
FEEE A HIR K 30 408F . AT K CsPoBra 4K, B4 0.5 mM PbBry 57
£ Z R PR P AR 75°CR Al FE 1 /N 5 1 # BY PbBrs i Vi figlR /£ PEDOT:
PSS IR R BIEEA L. LA 4500 rpm FEFE 40 £2, FFAE 75°CHIEMR IR K E 30
SEFCARR B R FEN N OHFE A 7.5mg/mL CsBr FEEH S, £ 50°C
15 475, PoBrs MIEH L. BESS FAJCK 2-AEEMEE. /S, IBIINARE 150°CF
BEAT i 30 J08F, DAZRTS 480 CsPbBrs 94K ELIR . A 44K B4 §idh &), 72 PbBr
HWZ AT PEDOT: PSS WUIER ZIE A4 £, {1 PbBr SEVAE S5, I Hi
/I CsPb YV I FE LA 3% & R i CsPbBrs 94K 2 7 i or Bt . 414 LA oh Bl
AL, IR (ID (PbBr2,99.999 % , Sigma-Aldrich), ¥24k44 (CsBr, 99.9%,
Adamas), N, N-HZEFEE (DMF, 99.8%, Adamas) RIHE (£K), £
H— A

SIS R CsPbBrs AUKE A REURIEUR , JEIT A5 5] CsPb B M A 5
CsPbBrs KL ELE . E 3.1 (a) - (d) RH]E AP CsPb IBHHRE RS
PR B CsPbBrs KR SEM AR M0TES A . AFETIRL, #K Ak
L, BJLT A R SR R iS5 Bk, FIiaK 42 400
nm. WAk, FERE RIEETH, BOHRRETR S s SHk, TR
o N SOEFEBEOOLE P A GUR TR < F R S P FEk, BME iR

(100X) A M IR MBS B A BLIA B S B AT AR R, B FAH SR A 2 8] /1 i 2 A4

XA, FTLAZS B Mt 6 22 R T ORI RHRCR . R R 4R BRBO I sE B, 4R
T I RE.
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B 3.1 (a) - (d) CsPb %ﬁWEEE@JﬁETAﬁEE‘J CsPbBrs #9265 SEM [,
Figure 3.1 (a)-(d) The SEMs of CsPbBr3; nanocubeids with concentration of CsPb

solution from high to low.

3.22 CsPbBrs $55AH KR AFRAE

3.2 (a) RESEAT 9K X AT ERISEl. X5 JCPDS #rifE E 11
CsPbBra W77 ditH i) XRD AR% —F, 18 & ME CsPbBrs L ik SR £5 1) 7977
JitH. W 3.2 (b fiw, WEHER ZE FAOR UV-vis 7 0B T HNE 1
WO EE, 7€ 520 nm BHEA — BB RS T R, R\HEBTAERAT FIRM
B, EER NAEASGBERE . EXOETER T, U—1R PL B (54
LA 530 nm Ayl Jni%EEARERA, U 18 nm.
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3.2 (a) CsPbBrs FE4LH UKL XRD Ei. (b) CsPbBrs PR 5400 IR
Wit (L) MR (R [191).
Figure 3.2 (a) XRD pattern of the CsPbBr; perovskite nanocubeoids. (b) The UV-vis
absorption (blue line) and PL (green line) spectra of the CsPbBr3; nanocuboids[191].
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3.2.3  CsPbBra ZKIRAVIELR M R UL S 18 2 1%

BERSEIIeF 2R RN, M RAERN RN TR TRITHSY, TE
WS F e, RO, 2 5 bl i 2 R AN R 2R M R R P FO RS G B
CsPbBrs 0K H BB RIS il 3.2 (b) Fhow, R EEZFAHARL IO T
RSCREPE . FFTL Z FEHEEAGR MIE - S AR IO TR (TPA) R&R) 218
FriEZz —. B33 (@) FBLAR 7 TS RMR N 800 nm WAMELLHE &
FE TS RA— iR RN, W WAEERALE (ZZr) 4, CsPbBry HKENT
BRI R R . BT Z AR 22, WA ATRE TPA RETEWEIETE A
759 GW/em?® B 9~5.53 e/ GW o kAL, | F #2555 FE A 5C A i Bt mT i &2
TPA ZA#[192, 193], K33 (b) f& CsPbBrs 4 KA B A L B AL e R 3R {b
NG S T G R SR I LY B R R A A 5 2.3 A TPA REL BT
{EH4.57em/GW. RERED FIABHP A ENE R TPA R, BT RS ATHEGF
FOURMREMER, HHENEREIAR TPA REGRIHH B K518 55 15
B [60].

(b)"*
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B 3.3 (a) CsPhbBrs @PKIAFITFL 2 FfIE R . 2R Fr-HIRHWEHER. (b)

CsPbBrs GUKSRINE S S EHG NGRS, 21450 TPA MEHISH/BI191].
Figure 3.3 (a) Measured open aperture Z-scan result for CsPbBrs; nanocuboids. The red

line shows the fit. (b) Inverse transmission as a function of incident peak intensity for

CsPbBr; nanocuboid. The red line is fitted by a TPA model[191].
TEEIE AR IR T 2 AR E ORI SR T RE O ER 7). B T R AT AN
K B Ah, P AR SE IS RO R B — A ORI R . W DM A AR R AU
(VSL) J7i£[194], HIH¥ 800nm ¥R N SRR I35 4 5% £ ik sl TRt
A AR RRAE I TIBUROGERE B LR R E KO VR e A, il 2.4 PR, 4%k
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ST HEIL 0.15 mm B, T RA MR S TPy 2 LU A2 /) ASE I, WA 3.4Ca),
REIPEER S T AL, IS R M BT aE 3.4 (a) FiR,
LEXTEALRR T, BEEZRE~370 wem? %, AEIMPIFZRSHLTE 0.15 £ 0.36 mm &
LOERINMERAOLF FUEE ASE Joi. mE 3.4 (b iR, EER S RN
FOAFEN ASE U R, SIS AR 2.4, WERRHEN RE
H~502 em’t, KT MAPDL: HEFEE 250 om ' [56]FI49 K S 120 em™[140138 %5
{8, 3% 5 M CsPbBrs 91K AR R IRAS (38t {EAR Y, H HZ2 XT38 T CsPbBrs
SRR M K2 f (g 2 —[101, 143].

(a) o | (b)
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B 3. 4 CsPbBrs KRR SR 0.15 £ 0.36 BRRURSDEHE. (b) JOETEE

THI ASE BESFEKERECA191].
Figure 3.4 (a) Emission spectra with stripe lengths from 0.15 to 0.36 mm from CsPbBr;

nanocuboids. (b) ASE intensity under two-photon excitation as a function of stripe

length[191].

3.3 CsPbBrs KL iR B R BT

3.3.1 RIEHBEKIR F-EFESER
AT HIFL CsPbBrs 44 AL A AR B T THa-S 1B A X = A e e
KA e ¥ e T e, SRATRIE PL YE A& 77-300 K iR EVEE A 4
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B3 EF Wik ST CsPoBr S5k 2K B BB 4%

PrER e B 35 () W TIOETRUK . M 77 £ 300 K RELEA
CsPbBrs KK B k72— 10 PL Sk, MRl LA HERE LA, PL i
FOLEKIH RS (ARG, LR EHEE. TR AR
3.5 (b) PREE S, WFATAVEL, FRE LT 77-180K WA, #KREA
Sl L. BEJE, HIEEET 180K I PL M {H B2 {UAT 4.4 meV

(<1 nm), RAEMAREs), TRIELOANE —FH, X552 aHiEm
CsPbBrs QDs A% Bl BEVR [E LB BB AW 5165, 189].

(a)l.o — (b) 2351 Thermal expansion _, * =
-~ ST
= -130 % 2341
< -150 gl
- — 160 21233}
= —170 5
0 = S ona
505 e = 232}
——200 .
ﬁ i "g 231¢ Renormalized
—au0 | &
- 260 /230 e _band gap
Egg Electron-phonen "=~ _
0.0 = 229} interaction a
225 230 235 240 245 100 200 300

Photon Energy (eV) Temperature (K)

B 3.5 (a) CsPbBr; GKHRAE 77 E 300 K MBEHERN, XeTERKEZEHE

PL H—Hoti#. (b) #0Kit PL WEERERAEKRM. 48 KEBENKEHEERDHIR
TAHRBEMNET- EFHEERNTER BEELRBREHRERN].

Figure 3.5 (a) Normalized temperature-dependent PL spectra of CsPbBr3 nanocuboids
excited by two-photon excitation from 77 to 300 K. (b) Temperature dependence of the peak
energy of nanocubeids. The red long and gray short dashed line show the contributions of

thermal expansion and electron-phonon interaction, respectively. The blue sold line is the

overall[191].

#—, B CsPbBrs 4Kk PL W H B2 8 A8 10 1T BUAf s K518 FEAH DS Y
BRI - R AR A, PIMJTE 2.7, EaWRE, HENRHEEE
bR Eo, PMERKAI BT FHEIERBAE A fl Age, P FHEFRER ho &7
BIM 2.63£0.26 eV, 02120.03meV/K, -326.1£260.3 meV 1 89.5+24 TmeV. Hh
AR RECH EE, AR IIEZE N 0.2l me VK, MM, /T CsPbBrs
QDs TRIE AEAK 2% (0.27, 032, 0.4 meV/K) [165, 189, 195].

B T=0 K B, SR grb SO w5 BRIR A STk E AL R e, AN
Eg(T=0)=E, + A, =2.304eV, [E 3.5 (b) PROEL AL EELFEE. 21L
F BRI RI SR, R TR

Eg(T)=2.304+021T (34)

43



A AL RS KT AN O TR RE T 5T

HUAML AK 35 (b) gLk, L7 180 K LA'F, W&ERIEL, PL
THReEL M, VIR, 29KE PL I&E R LIt e b Sl .
MM, BNHEEH - RS ERE, ST A:

2
Eg(T)=2304-0326 +1 3.5
&) [expﬂlOS9iM§T)—J J 8.5

Hla e nk 3.5 (b FRRAHEELNR. R T, BTATFHEREULTAR
=, M HTF-ETRA AN, MERENF S, EAFFHEANEEE
m, P FHEEMER BRI, BT - FERKER PL R ST T 4
AR O BZ0T, IX(E I PL W BRAE/h. [RI, SR s - T A BRI S 2K
FAFGKBL PL WA S0 )5 1 T #2532 . CsPbBrs P1KHL7E 180 K £ 300 K %
BEGEANEEI RN AR, FE R T RCEELFEITS, EERA
HFRRREENA.
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B 3. 6 CsPbBrs FpREE R B Sk LR ERRR.
Figure 3.6 The function between reciprocal temperature and FWIHM of CsPbBr;

nanocuboids.

CsPbBrs ZK B L7 - 75 A% 2 5 1 o] RUR] D HO 1l 2 T8 Fia iR 2 A 28 1k
F7ortr. B8 3.6 TT%H, CsPbBra HKER A PL W R AT (EJH) midgse
Crevi), TEZBTHF-FFMEEMSHER, T CsPbBrs KR4 Fi ik,
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R e 2% 5 51| A RO G IE AR AL AT LA RS, SE JERRIE T, CsPbBrs 75 3 B FHEIR /D,
EH R 55 5 F T S EADEE T ZrE . Bk, A2l A 2.8 #51k
" 15
I'(Ty="T,+y, (e —1)* (4.6)

BB SRR S RREI L, A 23.4842.48 meV, TS5 EHF
ETHRETERE V0 N 91.77+25.89meV, HhIAJ5FE ThE 24.16+4.88 meV., HP Y
L% T RES f B tiE R F 5 CsPbBr BT HEE~20.5 meV [202] B KRR
PL %1531 #) CsPbBrs 5 T 6 &~22 6 meV [166], ~26.7meV [202]F1~30 meV[165]

333 HTESEE
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B 3. 7 CsPbBr: K5 PL B IR SRMCR. ARFRET ST 2.8 JEtile
H2%(191].

Figure 3.7 Integrated PL intensity as a function of temperature of CsPbhBr;

nanocuboids. The red line represents a nonlinear fitting by equation 2.8[191].

W 3.7 TR, CsPbBrs GURER AR £ 77-300 K YUl A MR E BT
A, XEBEFRAREAE, 57N, B8ET-ETRAaER NS, 85
T AR BT R, FI5 R AETE, MR T ML S EE & T,
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H Arrhenius 2428 2.9, MAURELRCRIR A REFHRTUE, HTEER BN
40.243.5 meV, KNTHEDLES TRMZIEAGE, AT R CsPbBr KT 4
Ehe[68]. Es (EXNRT AR AR E I EIRIEEM[172]. 5 B /h T EiRA
ft 25.8 meV B, BT BARKNSENE AKEFRMTIR, 23T K80
RATIE RS A A A 8, T T SOk i, K8 Es AR T 30 I8 5 5t 45 14 [68].
FEl, CsPbBr UKSUR TAR B2 I G & 580 RS .
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B 3.8 (a) 300 £ 380 K AFBET, CsPhBr:JEERATE—L PL 4. BERM
300 £ 380 K Fin T A4 PL #H43HE. (b) 300 £ 380 K AEEE T, CsPbhBrs 84k

1 ASE St SEE SR 300 Z 380 K n#AT PL 3H 128341 300 K [191],

Figure 3.8 (a) Normalized PL spectra from CsPbBrz: nanocuboids at varied
temperatures from 300 to 380 K. The inset shows the PL integrated intensity heated from
300 to 380 K. (b) ASE spectra from C sPbBr; nanocubeids at varied temperatures from 300
to 380 K. The inset shows the PL integrated intensity heated from 300 to 380 K and cooled
back to 300 K[191].

3.8 (a2 £ 300 2 380K imEIGHEA, CsPbBr KA 1T —14 PL J6ig,
A LH PL R MR EEE LT 8, AREEZL, SECTEER, BEAR
RSP AREE M, AT CsPbBrs BT 50 PSR HTE 300K LA LM%
IR T RIZE MR AEURAT 165, 168]. FEREIICS T M 300 K THE 2 380 K I PL
TR EREAR Y, TIULTE 380 K BY, PL RE{H4ERFVIZE AR 60%LL |, HAGE
BN ERMERCEABEES L.

FRARIR A, 3 —0F) F R S R S SR 91 CsPbBn UK L &R 7
FerEiE. WwE 3.8 (b) B, 7E 541 nm [ B A A8 S5 S8R AH A 90608
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& CsPbBrs 44K B 52 0 ASE 3 o il 22 M 300 K hn#4 2 380 K I+, CsPbBrs
KRB ASE WA B (RFFIER, HOOERREAKENE, EXFEWE CsPbBr 4
DRBR P 6 27398 2 A R 38 2 e o i BN AE R UK. PSR OR T 300K
T#E) 380 K Ff# 4D1El 300 K BTG U A ASE 15 HIAD AL s AR Y, HLAR
WARSEAFE 1, IXAUFB CsPbBrs KERE— 2 B 7 AR . (22
CsPbBrs 4K B I1 I 2 IR H 8 77 b QDs A5 [114]. CsPbBrs 4K AL 5
(IR AN BURAT B L TITE AOB AR R Bt 7 b B T 0 1) R Al
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/l?\ 9

33.5 1358 ASE EF4FHEERE
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B 3.9 (a) CsPbBr; PRI EHERE S ASE XA, (b) H—{LHHEE (LAl
B Stk (BERES) MERBmREENKE[191].

Figure 3.9 (a) The ASE spectra of CsPbBr; nanocuboids as a function of pump
intensity. (b) The normalized output intensity (red square) and FWHM (blue circle) with

increasing pump intensity, respectively[191].

ME3.9 (o) WTUAEH, RIS 250K i, BEABCRMRE I, gk
HiEEE FAE 530 nm BHIZEYFEOGHE CGEE4 %~ 25 nm) AZ47E 540 nm IR
FIZEE T8, K4 Snm, X ASE WEHHE, 2KV ERT REm S it 2%
TR 2R O . 1R R I A ASE B L EBCR A N CsPbBrs 4Y
KRB A OCHE o ASE T FEAR T R B AR LKL 3.9 (b)), Horh ASE #ith 7)%
R RE 2 s A B AE 279 Wi/ em® R FOZR SIS R HBLEH A8 4k, RISBRE 224K,
i AR R AR
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[ 3.10 (a) RAERUGFER T FEHRE CsPbBrs #9KI ASE %4i iR /H 575
NFVRARE FIPEAL . #KEE ASE 2 RITE 100, 150, 200, 250 Fl 300 K B F{E M
174, 195. 240. 279 EF 4330wl cm?, BEERE N5, ANKRES BT,
ALVAETREERE LA, S, EREEeBRER, SRR,
IXAEESAE PR W[196]. FE 3.10 (b) i T ASE R/EM 100 = 300 K )78
., NTAEXERN ASE RERE, RHEEN ERBRR SRR, NEFLR
& To % ASE BEX R ERMMBEZRE . HIE 210 9118, 90K
& 709305 K, R THEM B ECE FHHEOLES 100K 1B AV IER EE[177, 197]-
CsPbBrs #KE FI S IR E R A HRENRE BN AR, EH TREWET
IR -
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Bl 3.10 (a) CsPbBrs YRBRETH RN ARE T H—LAENI EE SRERE
HKF. (b) GLEIRM ASE BEHBEKARL. RALNEHRN11].
Figure 3.10 (a) Normalized integrated intensity of CsPbBr: nanocuboids as a function
of pumping intensity under two-photon excitation at various temperature. (b) Threshold

evolution of nanocuboids as a function of temperature. The solid red line is fitting[191].

3.4  CsPbBrs 4K L HHNIE

R AR Ay BHR SO IE SR AT LUB R CsPbBrs ki BURss s %t
2. A 3.11 BRIOEFERAFRMMEE T CsPbBrs 40KHUE Rah f1561E — 4
thRzE. Mar i, AR 311 () KBURSEE T CsPbBrs 3L RBESTAE S
FERMESER: 1 EEKEE (<s10nm) HREFFDCHEIWRIE (EeD,
2 SER SRS T ISAIT A 520 nm A WESIE Y (L), MiASREREE
T, BRI SEESS, S 311 (b) FA] LB BIFE 530-550nm JEHE A E
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—HERESFGmNNESER, REAZEESSIEM.
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P 3. 11 YT B CsPhBrs Gk HL TA RiBHEE. () FWBMERTH i) §

TBRMERL L. SE RHTRHFBIRE T 206 RBES191].
Figure 3.11 TA spectroscopic data of CsPbBr; nanocuboids film with two-photon
excitation. (a) Below and (b) above pump threshold, respectively. The SE feature is
manifested as a typical signal with high pump intensity[191].

I3 2 EERIE A S SRAER £ 7E 530-550 nm, FRA77E E 550 A A IR AL
TP 540 nm RO A HBIREN /1%, kKR ASE B i oNig. w312
(a), TEARTROCRENZEBEET, 540 nm MEHES EFHEENFERT
B, AHFHamK TRNGLBNENE, ZTARTERY RASEEAKES
RIFLEMER [124]. A 3.12 (b) AW, LRIAEEZBMAEE L LAY, AT
HoRSt 5| A MBI 7~0.8 ps ARIRIRINIZIERE, RERTFIRRABERE
shig R EA, BEEET, HPEMEA EINE~19.7 ps. B UL FE
e BREBRERIOE PR, o T E e IOL PR R B S P R
WA, REBEATE~0.8ps HIREM I FERSHMBIIE T RN T MNEFEHRES
FIASHHMBERLERSNEERE L. Fik, EERSATHAIUGH R
e &5, AR T8RS, FibP= .
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Figure 3. 12 The normalized kinetics of emission feature at 540 nm below (a) and above
(b) pump threshold, respectively. The red lines are fitted by the exponential decay
function[191].

2 R S X B R g 45 P R M 0 04 SRR LR A TERT T R TEEB KT
BT AR BT A T i EAHIESE(67, 101]. AET A CsPbBrs 4K
wEHLEE, FRABCRBOR 1R SRR AT HOR AN /1%, B 3.13 2 CsPbBrs KR
FIREERUR T 2ps BHE— LIRS POGHE, /T, Har s O e B & L
Fominging, X2 B Burstein-Moss 2 (Wif8) SiEBL (08) ZH
HE4SHNER, BEED Bustein-Moss M ES. FES, LR T
FENT 8o Mott RS, IR BB EFAEHEMIER KT Burstein-Moss 3%
Bz, BT OE, S8R FRE T BT Mott 2567, Burstein-Moss R
XS R R TR EEEM, T SHo s, SRERBKEE T
- N B R AU AR [ 198, 199]. (A, CsPbBrs GUKER7E B RERUA T RIF IR
WAE DL T SO K BRSO I (B 52 R 0 sB R A AR ML R T O T |
TN E TR SRS B . 250U, 7F CsPbBrs 9K BRI 4K RE
SR TGS ERNER, BASSNERE TR -2 EE T
H1[124, 131, 200].
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[ 3. 13 CsPbBr: SERAFSREBE T 2 ps EFHIH— LSRRGS, aafiR
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Figure 3.13 Normalized TA spectra at 2 ps delay time from CsPbBr: nanocuboids

under different pump intensity are recorded. The red arrow indicates the increased pump

intensity[191].

3.5 CsPbBr: #HoRER B E B e & 5
0P 3.1 (d) BToR, XFF CsPbBrs 4K, HR-~-THESAKE, RETEK

IR ] ARG F-P s . BEH B AN S F RN RARIE MG/ IR
B HEI BN . M, 0 3.4 BTN, 9K BEATUR B = 4\ T ki
Fa e B, SR R e A, B HOUEmm ] LB gk 5 AN S (2R,
RS I8 B T A EI T S R OR SR S AL RS R A, E, gKaE
¥ A 5 BER] LR R F-P Ok SURT DME R E A, SIS ES 800 9K &R0k
e —FE[53, 124, 130]. HAPKHRHM K KECESIERE (FTERANRIKE) By
REMPRELRPIHKEERE. B, RELIEGEN AN KEEEREFE
BRI R, A REEIBOL RS . B, MR RSTRIFKIE a2
ENERVAE - Go ot M =W N 0f 11
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& 3. 14 CsPbBrs F R R EH (7)) B P E (F) ~EE[].
Figure 3.14 Schematics of the crystalline structure (below) from CsPbBr; nanocuboids
and stand-wave in F—P cavity (upper) [191].

3.5.1 CsPbBrs RSN FEE B IRHE
ST R O T T AR G ] S O S DA R e e R0 AH 5 DT S R, X e
HSEF AR HERCR BOGTEE S 2 B . SGITRE T H S & T & 1) 2 /i
[143,201-205].
3.5.1.1 CsPbBrs KL ARSI Z_FEE R AL S8 Ta5t
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B 3. 15 JOETHOR A CsPbBrs KRR ERBBEIRBR R, (b) PL K
ParmESRERERXR191].

Figure 3.15 (a) Pump intensity-dependent emission spectra from a single CsPbBr;
nanocuboid under two-photon excitation. (b) Integrated PL intensity as a function of pump

fluence[191].
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5, WHFUERAY CsPbBr 40K EIANZE L4 EE, FIA 800 nm CRHE
TENZTEHIR, FAMREREE, W25 fin. BE3.15 (@ TR, EERE
SBFE B, JEIBTE 540 nm PR ISR S SRR, R 9K ELEON IR R STRHE .
B, S@mmEsiRn, 8RB S S, A CsPoBrs HUK AR 5
JeiHGAE 531 nm PR, SRS RN 18 nm. FEEBUKBASIE NS 374 I/
em?, BTG AR R e A Ak, UEHITE S AL A R T AR AT R &
Pk SR DT I G, FLO R R, YR e Ll 1 . B 3.15(h)
O3 T QR G R 2 s BE B AR TR EE LR, o] WLAE 374 pl/ em? B
M, HEH R R AR SEAR, X CsPbBrs ZKHLE R SOt A B K 5 S B S0
MERFT T N, WFR O R A A .

HHE, TR F-P 9URBOR R, e R e hEd . R E
& RISk B ISR I B It Ie 5 2 [60], M EEEROE (MHE ) K
FERCIEL o BEE BORE AR R BE— D B R FERE 22 0K T 0 500 2 0 il
3, PR KRB0 AL 2 AT IEON[206, 213]. B, % 2] CsPbBrs
PKFECER) D RST(~400 nmy*, =R N FIXGEF B 374 pwliem?, 5 AR
RHCK 2 E - TOR PSR oA b, A K.

8A~ 0.29 nm

Q- 1859

Intensity (a.u.)

L L 1 L
538.0 538.5 539.0 539.5 540.0 540.5
Wavelength (nm)

E 3. 16 FUKRBEUBEDE R A LR -5 191].
Figure 3.16 Lorentz fitting of a lasing oscillation mode spectra from nanocuboid

laser[191].
HE— 25 PR AR AR Bl b 5 sl PR A R R S RE 77, Wil 3.16, MREES R A
FHTE 2.5 WK1, CsPbBra Z K HBOBIER K 539.2 nm, SR EIULEGBEAIE L
B A~0.29nm, B 15H G T 1859, BH R T Wik S % 1 CsPbBra 442K 26
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Bt (Q~1009) [124].

4.5.1.2 CsPbBr3 ZHKER 5% 3% e 4% B Biom 3 428 8)

(a)] (b)}
~ 1ms
E E
= z
2 =z
E " |esesasmmmanens|
-2 -.l (.) ; 2 -0.(.}01 0.(;00 ().Ol()l
Time (ns) Time (s)
B 3.17 (a) CsPbBrs ZEBCH H MBI RAER . (b) RIS FERGRREE

pkrr R BA91].
Figure 3.17 (a) The temporal shape of output pulse from CsPbBr; nanocuboid laser. (b)

Pulse period in oscilloscope from nanocuboid laser[191].

Bk RPN F) R BOG SR — DM EE S, BRIE T RO FHETFEE. A
i, BATE SR 1ot RERL AR AR A & A B EAS E BN F) CsPbBrs
AR BB B Fr RGP T R . W 3.17 (a), BT SRS EAR R A I () 43
Hr (EFHRR] <300 ps) [RE], SFEHENG KA IBEERTE —MNEE,
P SRR B Y 414 ps, LVEE BB PURIBOCH B A, K
2 R AR RO I SEFR IR P 58 BE N 2/ T 00 AE B H Rk i A 32 B PR
& 3.17 (b)) fiEid J ) 7= JR a0 45 B RO krh ) 388, RE <0 Bk e e 8] E] B A 1 ms,
XS mECE R E I (1 kHz) — 3, B HAE RGBS a8 e E SR R e,
HE— BN T ARG E AT

Syt — 5 B H R RREEINT IR), R AT SR SO (XIOPMD RO I ) 70 4 (<
10 ps) AEA7, SRR RN 3.18 Fim. Eaald sids sk
TEAANUA IS BRI BR . & Ml &15 2 Ak 52 A0 21.9 ps. 0GR O BK
P 1) 5 SCR A R - R R AR A B0 08 1 2 AF iy (~19.7 ps) — .
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=
o
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B 3. 18 FLUHANLI R AR SB Bk h RE SR TR [191] .

Figure 3.18 Pulse duration measured with a streak camera from nanocuboid laser[191].
4.5.1.3 CsPbBrs KR INE _FAEIRBIZFNARK 4
(@)t A PL (b)

Lasing - 537.47 nn
540.19 nm - l\ \

PL
Lasing
536.65 nm__ 539.46 nm
536.44 nmi

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

510 520 530 540 550 560 510
Wavelength (nm)

520 530 540 550 560
Wavelength (nm)

B 3.19 (a) ¥4 CsPbBr; Sk E0EER PL . PL EBHOLT 2048, (b) £4

CsPbBrs JKHBOLR PL #.
Figure 3.19 (a) Lasing and 20X PL spectra from single CsPbBr; nanocuboeid. (b) Lasing

and PL spectra from several CsPbBrs nanocuboids.

e —RKpe, HRTZEBotRZ MR, BB DR 28 70k
SYRIERNFES . B BEBRAOR B0 RS, /£H]% CsPbBrs 4K
B, A RRMR IR 2 TR YRR, (EANRE 2 R EE A, Wi 3.1 Bas.
WL BOCEAE SEOUIE R UL, B2 R RO R = B R R 2
TR . AR BB S B BB RARKE, £9799-400 nm,  ATIT S B0 A FE A 18

24 e

AR, RAA MEOLE B ER. o, AMER 31 () FRTRRYKRE
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NSRS B AR R L

AR IR, EE AT R SFHAR T M H . %5 FAR B AR B i K 2 T
FEAEJLAK 22 57, A T L TRt A o K s B LR ot 22 57 Bl
AR PRI Z AL A 1 nm BIZE5, H7ME 3.1 F1ET, BOGKR SR K=
N ML QL) ¥z KT 1nm, BEOERHLSE 2T LB R Ak, BfTER T
AR, RO REE S A m /N T 0.3 nm, VEE ZE~540.19 nm Ab i AR O
R4, i 3.19 (@) Fin. #—2, EBRE AR, i 3.19 (b) B,
B AR R 2 5, HIUERE S, W] T 4 RN ZHREEH I,
BA)ET, AR FIE B CsPbBrs B 28 F5 W0 A Alid B gk Bk eI . B
3.20 A AE AU SRR TR BRSO W B, T WA UG TR T O
i KA T B AIER (~0.3mm), XA RER M TIERF-2 /CE S TR UL 8 i
TR ST AN S AT S R AR N S 124

5392+ =

wn
(%)
o
p—

539.0

Peak Wavelength (nm)

5389 1 1 1 1 1
380 384 388 392 396 400

Pump Intensity (uJ/cm?)

B 3. 20 XL THUR CsPbBrs SRR PARBORIS R ERMEE R R 191].
Figure 3.20 The peak wavelength of the single-mode lasing from CsPbBr;

nanocuboid under two-photon excitation as a function of pump intensity[191].

4.5.1.4 CsPbBrs QK ER MR | 4E 0 B IERUARE 1

BT AR M RS O AR S bR N A I — N EE N . FE R B (EE
23°C, MXHEE 40%) Fids® T B4~ CsPbBrs KB a i ke e . et
(O 5 B T IOR BT CsPbBrs 4K B, B — (O A i 58 2 BAE 17 1 TR B
R KR R IC AR 3.21 T ZEATAIRT Bk O BRI 160 4rEpEl 107 R
Bk, AR ot aE R I AR 2 R M SRS, A T A, TEEEA AR
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B 3.21 BEEWR T CsPbBrs FUKRBOL R HE SWOR N (BOLH) x&. @E
LR T RTE R O i [191].
Figure 3.21 The emission intensity of a CsPbBr3; nanocuboid laser as a function of
excitation time (laser shots) under constant excitation. The inset displays the lasing spectra

recorded at beginning and end measured moments[191].

3.52 CsPbBrs 2R 8 e T35 & B s

B XU TR SE oK BB RO A, BT T HEBORRD L T REE, 40K
HRAf T WA A ST D AT BAERAT 9 < [ 3.22¢a) 2 5501 (400 nm)
WU T - CsPoBrs #KHUR SIS SR IREEN LS FR. WPATR, o6
T CsPbBrs R SEHL T 72 42 B AU SO R B, HONIE t B R 4R I 1) 323
RS AR IR 5 X0 7 A0 A RO AL, AFRRE, i T HAE TR EE R,
AT T AR A R T, HBORBIA T~ 402 wliem?, 101322 (b)
P, #ORBOBOC R R A R R N, fERE-40.2 plem? B, HIL T
TR EERAR

BB AR R R e, R B EF T 2.5 WAL ORISR TR
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S EALVERHHRES A RGN B C I SRR TT

40.26 nm, AN AR 092075, FBIGOKRBETE R0 T BUR T BT E R R
At 7P CsPbBrs GKBREEAGRO IR SRR R R AR R, W 323 BT
W, FEBUGIER KRR M R RN A A 7 ~04 nm YRS, S5HOUOE TR E
Hot R EREotIE AR 2R

<
=

(a) 57.4 ul/em?

40.2 pJ/em®

Intensity (a.u.)

Output Intensity (a.u.)

21.5 wl/em? A

40 B
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)

()
= 84~0.26 nm
£
£z Q-2075
z
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a y = = " Lol
510 520 530 540 350 360 5385 539.0 5395 3400
Wavelength (nm) Wavelength (nm)

B 3.22 (a) BUOBETEREA CsPbBr; Pk RGHLIESTHMBERE. (b) BOLiE
FoBESERREXE. (o) BREANE TRBOGEA[191].

Figure 3.22 (a) Pump intensity-dependent emission spectra from a single CsPbBr3
nanocuboid under one-photon excitation. (b) The integrated lasing intensity as a function of

pum p intensity. (c) Lorentz fitting of a lasing mode[191].
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Bl 3.23 HOEFHOR CsPbBr; 8K LRSI K SR BRE R A191].

Figure 3. 23 The peak wavelength of the single-mode lasing from CsPbBr;

nanocuboid under one-photon excitation as a function of pump intensity[191].
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BIg UF#HER+ CsPoBn Wi f 3 G 28

16 EEEE TR I CaPhBrs S KR AN D B

o BE R T B, 3R ANIRR,. BESEER S REE. 28
g Fi 28 R FRRe et . LED . (e S thir B, HE A T 35914
BE[152, 208, 209]. S8 HTRAMmITIES CPHE B ET B TR IGeERiR, B
TR I RS ENSE THEREE ik, 17 CPBn BT iRl &
AR (ERA3E om ) CAEBRSRYT S TR OEEEL. EEREDR
T R AR B RSl il Tk, B ES T &SR T BED T — B
B (FEE-45 nm). BRAHEE RN 3 24 BiTR.

CsPbBr,

PEDOT:PSS

[ 3. 24 CsPhBr, P50 S & ok B TSR RS fri s i E [222].
Figure 3.24 Schematic device struchure of p erovsldie CsPhBr; incorporaied with Au
nanoparticles in the huffer layer[2 10}
FERNTVEENERT . 5 REL 0T S T BB ST skt Al
ThiD e rai 5. B 325 (a) Bi R, S CsPuBr BT M EFR HREN S,
HEL T — i e m g Rie, EERERR T, 8 TR e S5,
WS & S, EAIE LA T30 mm. IEEER-19 om, SRR
N, SARIE 325 (0 BEERoRErL. MER R EH —FD
9%, S RAEEPE 2359 Wom® B, EHE-542 mm ST RE B0 SHE,
EEE s N B4 . B A E{E. B B BB R R EhE s Rt
AEMNHREEENGEI RO, REE. MEE RS —FHe. &
MEI ST HEES, BHEERRETEE, EHE. #—FHFERE
HE T, B ENE E i, mE s o) BT g SR A 034
. MELRE BEERETR1505. F325 (d) 2inA $M¥EHT5, £C0F0En
FRT St P SR . SESBT B, EHERFERT, 8RR\
HENSESR. HFRFEETEES, HIERER N, BIHEEEE, NE3 250
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T A RS B RO T REFE AL

fRam. SR S A5 SR 2R ILBOL A FRE, INAGHKRF RS0, BHETUN
~157.6 pJ/em?, FEAE T I1~33%, 1XA2&H T &0 Fidt T RIF 1t =L macE
[149], B2 R 553 TG RN 5 80 T 5800 9K BBl e 1 AR
[210]. E13.25 (f) R~/ GMABotr s, o LS ae s
W& EAF 0.33nm, X7 5 HE B T~1643, fALLATSSERT BAEMAE S AR T, &
etk TRISIN, HERATEM SR (~9%). b, B SITHRIE T S9hkk
T HIE BRUR[210]. AT ML, AEAK S BRAT AN S MR AR AR KB T, &8
AN T B 5N SE B i P BE SN O AR PR R — PRI AT T A L A A2

e e —1s | =
(a) —i;;: é (d) —1425 |
without Au el IEY with Au :::: =
7o | Z — 1718 é
% /em® ‘é‘
“ =
E;] A_ P
k
A
520 540 560 520 540 560
Wavelength (nm) Wavelength (nm)
(b ° @©
= 120 = {20 ~
z| E z =
Z 110 % Z J10Z
= | A b
- : A ) 10 , . . .10
100 150 200 250 300 % 120 150 180
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C —
o 9 7~0.36 nm - 2 "”0'3_? m
sf Q-1505 5 Q-~1643
g =
5 &
I )
541.0 5415 5420 5425 5415 5420 5425
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[ 3.25 £ CsPbBrs S EH SRR B (a) BOBRSHE: (b) LR ELEAM L

REL: (o) BOLESAILE. BRT /&R TRERE (O BotRENE: (o) KEER
MEHIRE: (0 BURALE[210]

Figure 3.25 Pure CsPbBr; perovskite nanocuboid single mode laser (a) Lasing spectra;

{b) FWHM and output intensity; (¢) Fitting lasing mode. Perovskite/Au nanocuboid single
mode laser (d) Lasing spectra; (e)FWHM and output intensity; (f) Fitting lasing mode[210].
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B3 E WK R CsPbBrs #5809 AE B3

3.7 FRBENGE

REFEMNE T WIFEKRTH CsPbBra £55LH" 41K S 1 W oA 14 23 550 &
ROGHLE, iRIE PL A1 ASE A2, DAJCRIR T BDPUORERS B SR O IUE
R B EPUCHRE /). IRBIME . R KA BIE HIR R AR B R4
TEH RS EERR T ALY 5. BERTARRNER:

1. FAITFL z SRR QRIEE, AR A T AR B R 5 & 1
CsPbBrs KB M AE R AT RS E M S s 5. H R PRI F
* (553 ecm/GW) FIEEZAIERE (502 em™) JoASART™ 44K B iY 4288 B MRS 2R At
T30HE.

2. JBIARESEEUR L, BEH T AR 77-380 K JAH P CsPbBrs 4K 3%
Bt RO BOR S ASE Rt TRAE BT T S SRR A T - B T AR S A ELAR A
XK R BRI, - AR AR T DR TR IR AL Y
M, SRR T HOn S af e m A BRI, RARE S ERER
Jaa R AL 7T

3. HIRAHTT CsPbBrs HERE #RELI R SEHLEE, I HbE & 19 I8 T o 7-
TREE TR . -SRI AR ARSI PR TANTR. B
FeAE S BT A A BT A 0 4 P 22 B T S A e SR E
HIE AR M 19.7ps. AAFIHEN BUEROR R E, RILHATIEBEECR 72 E 0 ok
AR, XX T Burstein-Moss AN S E MR K T BB SEAREIE
oL, RIS R - B R T R o TR Ve Ve I e B 0 2 R A I
WM, #H— PN BT EETRAFE.

4. HIRTER S A~400 nm BB K ELSEI T =S MRS 56T R
ST RO T 0 R B R BB K. B CsPbBrs YKL A B it 25
JeArRAIERT, SAREE T AR . HEoREoh RRE MY -22 ps. AT
FOGBI AT R T BBTROG SRR, U5 Aot T BAECR 2 T R
FBME (<374 plem? @A T, ~40.2 pliem? @B 561D, FiE4 T (~0.29 nm
@RGT ~0.26nm @HO6T ) B ET (~1859 @AUG T ~2075 @H6T)
RSt R

5. BNAEFERT SIS BAKR T R R REE SR TR IR,
ST RS ER AT AR EOT B R E BRI SR R T RR TR A e B R
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B R BRG] HRT BT K, £ SR ZEIA—Z
~45 nm FIEEM Z. EGHRM N, SEI T BELEGE, EREXHBOL BE A & R
PITH) 24T, BT 4 SR AR T M 5 N 5 RO B E FF IR T-33%, T = T
1~9%., ZXREE. @R KR MAR R ET EAEZE .



%45 2. CsPbBr-SiO: 54K B+ S S H R A

45 £TcH CsPbBr-Si0, $55KH B F e sEffss

41 3|5

a0 AR 0 R R AR T BOG AR fb . MEBE R B AN BO L B k(S B b
B E L R ARG SRR R S Ty 1 B B ORIIE T[4, 6, 8,211 IR K,
PET BT AESR RO AU S 841 LED FIROsSH)H BEAT 2 MR
HIRTS[51, 67, 101, 106, 212, 213]. 552, STHEEE CsPbXa (X=CL, Br, I)
B A=A S m AR B R RS, 5 CdS. CdSe %%
G ML, &AL CsPbXs B&F & AT T A (FWHM, <20 nm),
ETESPLQY, >90%), M T REL D AR S T T4 BAE A 2 M #)
TG 4T CsPOXs BT A AUDG S IE 25 A A S0 i AR A A BiURR (67, 101, 165,
168], MHEFEEFLR G450em™), ATUABKAOEEEE (F nliem?-4{
+ wlem?) FELBESZINEOGIZAT[67, 101, 143, 214-217]. A1, BT ETFAS
R P EME(IE . BREE NMEREL)—F, B HELEE T MR GE
— N, BRETERA GME BRI RO R R | IR R, i & SR
WA T R ST tE S R P e fE 27, 28, 95]. Lk, X F458k0 & F & ok,
AR AR R RO 1 B TSI SME 10, K0 55 TURATE B SIO2
SELERARTI[101, 140, 218, 219], EAREMTEEME(67, 143], FAE A0 A A
K8 (DBRs) ZIF][113, 115]% %58 WGM B, F-P #2200

B TSI BT A hMECCE R AR RS IRE, (B AR ok K5
TRASERR L 2 A AR E MO R, R RIS ESERR R A AT, 3R — AN BRI
FIKHEAPMBT RE . RESLVNKT & T SUHEX A -V RS ST & T
SR AR E R, D H R Bt [ PR R O S M LA, R R K S
AL A6, WEERUR, BRI, RS T KRR A T
HAR, FIETRE BREB RIS BT O MRENATE T, REEET R
EMEAEENE.

¥ 7e 4k (1 CdSe/CdS, CdSe/ZnS #1 CsPbBra/Si02) [102, 220]F135) 3 45 44
(41 CdSe-8i02, CdSe/CdS/ZnS-Si0:2 A1 MAPbBr3-Si02) [221-223] B ESE | B545
RAEFSREME. hin, 2016 F, EEZERFS R EEXE V- THL&L
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P50 MAPbBrs 8 s 3 KVTEUR, f2 2 YEZE R Rl L, 51 A JE7K Si02 4§ MAPDBTrs
BT R AT SiO: BRI, TR tEH BN T RE M4 MAPLBr BT . 7R
IBFE 60%HYIREE T, TELLERGT 7 N, MAPDBrs-SiO) BT iR SR E A 4ERF
FEATUR R EE R 94.10%, T4l MAPbBr; 81 S 6 R E 38.36%[223]. 2017
%, MBS CsPbBrs Bk T BT AT 4L T B 0B Si0n BR
R, ARG T EAEF AN REFSHERMN, HiBTEFSNERS
VBRI T ARt B B, SEEL TREMEREALEST . B — 07w, ks
(7= A8 R TR B+ S B0 BRI, HHE g EREokE, Ak
BEASET AEREM, EEE 8 /NTIDEREBT, RALREE T FEREILE
Sk HH102].

REEER A SiO: §4 Tl CsPbBrs-SiO: §54k 0 &1 AT EEH I, af
DARIRSEE T A M, FRAass B nEEgm, FNsEiT &7
= ASE FHOE AR 2 MR THAN A Ot HE 35

42 CsPbBr-SiO2 558K 7 EF oIS R A FRIE

421 CsPbBr-SiO: B FEMARK

CsPbBr3-SiO: B1 R I & B H HU 2 W B A 5 I EANZE, I 4.1 Brr,
B A E T s, TEEM EH] & CsPbBr-SiO: 2T fi. BEHL, 4551 100
mg FIBRERH(CsCOMAR . 4 ml I /\J% (Octadecene, ODE) il 600 L {7 EZ
(Oleic Acid, OAYIIAE]—A 100 ml FI=OFEHT, IBARAN), HEMRE
o IS 120°C, BEHEE— N, R CsCOs ¥ 7R £ 58 2 15 A R ER 46(Cs-
OA), fEVATIRIAEH . HB— R =0FMH, £HEFIMA 5ml ODE, #& 0.18 mol
PbBry A E T, MEENAE [, I8 N2, MAE 120°C, BHEE—DI, —
NI Z RIS R T E B 165°C, AN 0.5ml % (Oleylamine, OLAYAT 0.5ml OA,
IR 3-5 7r P E 2 PoBr SEAGME, MINIENGER . AFBAR IR 0.4 ml
(] Cs-OA HHULIEEARIEH PoBr: FI=OFF, H0IEA BE Bl & AR
IREVE, RS15 &P, BREF, EEEKTT CsPbBr BT H O R, BRIl T =
FUGEHE, SRS AT VKGOS 1L, S CsPbBrs QDs 15 CU 4] & 52k, # T
SRl Bt AT BL Al . K& ST 10V RS GE AT R 8000 rpnys Y SR AE,
508 E, EREBE RETHMOEE WRETFMARE, REES, 6
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4 E LY. CsPhBr-SIio BT &7 ARG E

LI MM AT T — R B ORItk E ST R ORI =200k, &FHBa
L JE B CsPbBrs QDs VEMRAE R EF R, DAESEse i,

S+ Si0 BEME, SH8EF S &RHARES, ZH& 41 PoBr: AT
WA 0.4ml By Cs-OA ¥HEHI RN, FEMA 0.5 ml JRAEERDY £ BE(Tetraethyl
Orthosilicate, TEOS). I, FHERT 45 REIREIET, SBAMEZE QDs FERE, 1
B AR VR VRRE 28 R AR B VE TR, SRR T N AR 5 A8k, N
A 1ml 2-REE 25 (2-Methoxyethano )i, B S 408 E, =057k
8, ERBHZ . I CsPbBr-SiO: Bl &5 . /AT 58 T REHAE R
SEHATHES . BOMR. ek, BEAEET AGRBRNMA TEOS,
IHEET£ERE CsPbBn & T R 45 mBIRIET Sio: EER B, g R Mi#tT, OB E
FRETEERR, BEKKR, 5485 KIRMER TrEE42 Fir.

m ,l  —
l : l csfoa
[ CsCO;+0A
+0ODE
7’/-
2-Methoxyethanol
OLA+OA El 1 N,
™ r T vir ™7
g ] () 1 I A 13 | l
[ \ [ { 5 mm @
| PbBr,+ODE PbBr, -—-CSPbBr; -510,

‘Stirring .@ ;
= ” A e L

B 4.1 CsPbBrs fil CsPbBrs-SiO, BT RERTEE.
Figure 4.1 The schematic diagram of the synthesis of colloidal CsPbBrs: and CsPbBrs-

Si02 quantum dots

& 4.2 CsPbBr:-SiO, BEF R B ATEE.
Figure 4.2 The simply schematic diagram of the synthesis of colloidal CsPbBrs-5i0-

quantum dots.
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422 CsPbBr-Si EFEREEMR

(d) — (ck CsPbBr,
S T :

N 3 = *  CsPbBr;-5i0,] =
5 37 —— CsPbBr, >
S o —— CsPbBr,-5i0,| &
> 21 =
= CsPbBr,-510, S 1 2
o = g
E X =
£ il

10 20 30 40 50 400 450 500 550 600 650 700
2 Theta (degree) Wavelength (nm)

B 4. 3 CsPbBr; #1 CsPbBrs-SiO: FESi B A FHEFE/E. (a) CsPbBr; QDs TEM H
A, AR 50 nm. (b) CsPbBr;-SiO,TEM B A, HHR 1 pm. (c) CsPbBr;-SiO, BRif
ZRIWBCA TEM B, HAFIR 100 nm. DESFLAHENLZHEEN QDs. (d) CsPbBrs
F CsPbBr;-Si0; QDs XRD E. (e} CsPbBr; Ml CsPbBr;-Si0, QDs #4hm Wy e HkFn
W [224] .
Figure 4.3. The morphology and characteristic of the colloidal CsPbBr;and CsPbBr;-
Si0,. (a) TEM image of pure CsPbBr; QDs. The scale bar is 50 nm. (b) TEM image of
CsPbBr;-Si0; sphere. The scale bar is 1 pm. (¢) Magnified TEM image at edge of CsPbBr;-
Si0; sphere embedded by an ocean of QDs. The scale bar is 100 nm. The red arrow marks
the wrapped QDs. (e) XRD patterns of the CsPbBrs, and CsPbBrs-SiO2 sphere, respectively.

(f) UV—vis extinction and PL emission spectrum of CsPbBr; (blue color) QDs and CsPbBr;-
Si03 (red color) sphere, respectively[224].

4, BT R E b T SR CTEMD S HGE N5 &S (11 CsPbBraQDs.,
43 (a) REEHMNET S RGN IR, AR RATE 20 nm £4.
& 4.3 (b) £ KE CsPbBr3QDs & A SiO: Jo M IREER, BSR4 1um £4,
ERAO R G FANN o SRR EBOCRERRIY %%, TEM B 4.3 (o) 7] LR SR E
MR BT S SHAER RN, EhaalBRET f4rE T8, AR
SPANAl B ARSI, XtBE AN Si0: BISIAN, WHENEETANES, B
WA FHET S HIHEE. Ah, mE 43 (D) Bis, WFER X ST AL
AUER, TEA LT S ATa g, X5 XRD FrifE JCPDS & (54-0752)
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4 & T CPoBr-3i0y e 2 F S i 1AL 5

—%, RARENMEET AR HE, SRFIRT, #—FEHEEREWE
TEMRESRTEAEM. WB 23 (e) THEY, CPBsBTAMSIOHE
BETAMENREELLSTARCTHRE . ARZAETHEETRILS
B Ll _E AT R LR —BATE ISR 523 nm AbATRBIATE TR, TIAER
LT TR, BT AR EE A TEHE T AANEENE, X EER S
FoE R EROTE S RS R AR R KT 2. #— 5, BITHA
800 nm EAMEOIEIEABMRIR, EPLER 530 nm MMBIEREMIEILEERE 18
nm FIEHEIE, MEFEEREEEE SRS AREE R R,

REEE CsPhBrs B TAABHAMGMER, BITABREEEGE (EDS)
G- ~RE CsPhBra B T AM -8R, E 44 () BYm, BE s Mo
EE, Cs. P M Br FIETH BN 19.97%. 22370 57.66%, HalRREE
FHA~11129 X 5L &% CPbBr MiL¥HEHM S MAEN. HR=1TE
RIsr A (B 44 (b-dd) BHZHhFH C. Pb M Br mEHISAAE S LR
HER. XEERAHACESNEERNTI AL FRF CPtEn & F AR E M
LD Rl o BTR20A

o

FSirm '

B 4.4 (a) B4 CsPhBr:-SiO: BREEATHH. (b-d) Cs. Ph R Br TXSHE. LA
F2R 500 nm[224] .
Figure 4.4 {a) EDS of the CsPbBr:-8i0: sphere. (h)-(d) Element mapping images
obtained from EDS for elements Cs, Ph, and Br, respectively. All the scalehar is S00
nm[224].
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43 CsPbBr: f1 CsPbBra-Si0 ETRMMA B L BHRIZEN

DECEEE TR FREREE, FARTARY, e RIBRM ERE
5, T ASE 7] EARrAEE RIERE r#t. JA)F A s00nm, 35 fs S0 HERE
AFRFEIR, 223 FHAECRRRE, FUASRY BT SFTEEHN. TH45 i
BT WHF (800nm> #E F CsPbBra fll CsPbBr-Si0:2 ikl & F 5 ASE i, 5
B 43 () PRETMFLBMAEL, XTI nas, 7o KiEH~5300m
R E~536nm, FEBLFHEEH 18nm FILE 5 nm. B KEFRT
HMEARUEET ASE 89774,

CsPbBr,

CSP]JBI‘S C?PIJBI;'Si.D:

Intensity (a.u.)

500 520 540 560 580
Wavelength (nm)

M 4.5 HIFAER T A CsPhBrs il CsPhBrs-Si0: BT 41 ASE . ZEMERAKLN
ZTH CsPhBrs-Si0: BT RSB A . A1EEE CsPhBraf CsPhBrs-Si0: BT X RSH
mEE.
Figure 4.5 ASE spectra of CsPhBr3 and CsPhBr3;-8i02 (Ds under same energy,
respectively. The left inset shows the emission picture of CsPhBr3;-8i0)z () Dswith striped
excitation. The right inset shows the emissive sketch of CsPhBrz and CsPhBr3-8i0z (Ds,

respectively.

B 45 DREEEICETEREEIXFEMT CsPbBr-Sio: EF o EEMEHHE
B FTELE BIAAZMIGE LA, ATEaEAHE 2B H . A7 ERE CsPbBrs
M CsPbBra-SiO E T RHERB T LT RN TEE. AET 5EFSEEEMAE
B FEMEREE TR FRMANER, R HEMMEITEN R, MR

fid



%4 % 27l CsPhBr-Si0: P80 B T R R 7T

R, BIEFEELNEZHOLESERNER B RR &R ER. T Sio: BFE/MN
ETRENFEERNFE, EARRNHEAFTS~1 ZH Si0: ~1.5, AAF
IHFZREE, PPERDETE S0 BNERFEEKE 2R, MR ER
RNE, FTTLOEINE SRR, REEESMEN, XMEMEEEREETE 45
CsPbBrs-Si02 £ ASE 58 B K T4 CsPbBrs £ ASE s ERRRE .

#— B AR IR, |1 RN E T 4 CsPbBr EF R 18
%I CsPbBra-SiO: B T s R A JGEFBCR RE N, WK 46 (ad A (e> BT
e fE 100-750 plem? MRS G R, A8 2 SRS R iRE 108
K, JEETEREEN (A~24nm £ Snm), EEHEEE 480.8 uliem? Bk, St
VR R A AR RIS DA N R 2R 1 TR0, BT BY IRV SR E A4 CsPbBr & T
B ASE B{E A, W46 (b)Y, 7F 50-400 nl/em? ) FIEREGEA, 8B EHNE
F i (CsPbBrs-Si02) JHl B UWING FOL iR R M & 7 a I HEL, LE
4.6 (d), (HARZAE T RELNFIRAEZE. T CsPbBn-Si0: 1, FifEE
£ 230.8 pl/em?® B, BESEIN T SZEUES , M3 T4 CsPbBr ASE, HIEFER T 50%
BL_E[225].

(@) [ CsPbBr, QDs (c) CsPbBr,-Si0,
5 ' 5
& £
2 :
i} 3 N\
= £ A
A
AN AN
500 520 54 560 580 500 520 540 560 580
(b) Wavelength (nm) ( d) Wavelength (nm)
- 2 —=— Qutput Intensity - —=— Output Intensity
S “p——e—o—9, —— FWHM 3 35 —e—FWHM
m — )
s by: _
c £ S8 =
g 4808 s £ =
£ 1 I - é
2 E 34 108
E 3
O *—8e a—®
(1
200 400 600 100 200 300
Pump Intensity (1J cm?) Pump Intensity (pJ cm?)

B 4.6 (a) WL FEM CsPbBrs BETRRIE. (b) CsPbBrs BT KGHE A
HBESERBERR. (0 JETHEM CsPbBry-SiO BT ARAE. (d) CsPbBrs-Sio;
B U6 m A SR SRR L R [225].
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Figure 4.6 (a) Emission specira from CsPbBr: QDs under two-photon excitation. (b)
The FWHM and output intensity as a function of pump intensity of CsPbBrz QDs. (c)
Emission spectra from CsPbBrz-5i0: QDs under two-photon excitation. (d) The FWHNM and
output intensity as a function of pump intensity of CsPbBra-Si0: QDs[225].

BTG PR S8 AR R 1K S N EA B SR AR, BRI RO
BOR T AR e RAERGOE MBI — PR AEXEE. 1E 47 i,
FERATRBET, 4 CsPbBrs 1 CsPbBrs-Si0; BT A HEEREE XS TE F,
R 12 /DB R4 8T ASE 1858 40 B (RFFE VI 2R 38 E A1~-85%( BER ) F0-95%

(2R KA. oM, EXRSEHT, ASIORERETAEAEEMEREIR
H. 1EEER, CPBr-SiEFREREEERSHETRAGE, AL
IR0 — RELIAY ASE 1E—HRES, X AEEV 8 F it —Z Lk
TR AR T A,

@ QD/sio,
@ QD
1.0 °-m-"--m"-.'et:.t::.:..:'...-::..'.‘.'f.":"'.-um-"- 2
; .J1 1d ;
© —_14aay
-~ o
—— 2 month
2 °
® 0.5 N
g g
c -
—_ 0
=
500 550
0.0 Wavelength (nm)
0 1x10°  2x10°  3x10°  4x10’

Laser Shots

E 4.7 XOETFER 12 /AEFH CsPbBr: /T CsPbBrs-Si0: ¥ ASE JWEFL. FEE

CsPhBrsSi0; MRRFEXTUHHE—RA 2 N HEH ASE ##225).
Figure 4. 7 ASE intensity measured under two-photon excitation for up to 12 h from

CsPhBr; and CsPbBrs-5i0; film, respectively. The inset compares the ASE spectra from
CsPbBrs-510; after exposure to the atmosphere for 1 day and 2 months[225].
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$4E £TH CPbBr-SiC 8y & F Sl etk %

44 B4 CsPbBr:-SiO; 5L & T = Wik &k

|

250,
W Lasing

Substrate Y

4

Pump

B 4.8 B4 CsPhBrs-Sio BT AMBANARAEE. SEAEPRHERLENHIRAL
e A [224].
Figure 4.8 Schematic diagram of lasing from single CsPbBrz- 5i02 QDs sphere. The
green cirde and gradient arrows indicate the light propagation inside the sphere[224].

FAZEERI LR R SHE P KR, SR FFEES CsPbBr: 7
BEEAD, WMRTHA RIS R 2 1 [225]. K46, 37T E5i4 CsPbBrs-Si0: Bk
H, ZEIERMME. iR, 7 Si0: 5K A T rewIg 0t i et
FE AR ST SRR e T e RE 2 BB BIRIE T S84 A, ATE B S ATk
/RIS . TR, AEHSaMAREEE TR REFTENEF AL
CsPbBra-SiO: g3/t fi F 4, A B 0] CAERY SR WGM FiEdLgok. B4.8 2%
BEE 2% EEA CsPbBra-Si0: BRAEF I 800 nm. FkFE 35 f5. EREM=E 1
KHz BT8O ST Y8 (50X) BErdnisRmi B Tk mEE. 6
FRFEEF LR MEEAESN A RRER, MERBARNEM, A TE
PR R RIS R TR, —Ha R NN WGM B, —#4r2Hh
FETFAMERSEE, FEBIERE0L.
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4.9 (a) FHEFEET CsPbBrs-$iO, BT RBREH Yol B R W E I N K24k
WEEBSOLE RS AE, fikiErs—MERBERRAANERRNE. (b) WHERS
F T T PR SR X S A [224]

Figure 4.9 (a) Emission spectra with increasing pump intensity under two-photon
excitation. The inset shows the magnified view of the lasing spectra and the arrow indicates a
regular peak with slight blue shift. (b) Log—log plot of the output intensity as a function of
pump intensity[224].

& 49 (a) Prox, BEERIMBEE NN, 5615 %8 CsPbBrs-SiO2 BRAT A
TR B I 2RI 2, B RF RO A . PRI, 20K
REEWCR T, BRARBARIEE DT 665 wWem? LT, RHHEEI PPk KeE
~530nm, J4IEPRAW~18nm WAL, XAHTHKEHSIEN. S 5
WORRERT 665 pliem® B, ZMET/NT Inm FZRIG SR 537 nm [
i, IX5H ASE FIBCR IS B —8. B 4.9 (a) #HEHR T EO6EE RO
JRERE, MR LR, A A B EUR SR G IR O R RO e (B Sk
T, X E R T AR S 0 WOM o, TR MR AT 24N R
PET 5T AR T TN R B A N B AR AE 53], T B — B . Ik Ab,
GG, MRS T IS AR E AR AR AR, X R B R
FEETFAE, HELE PEE D CsPbBra-Si02 BRIETS BB Fail KiFE F RENLA WGM W
Fot . — 2, A 4.9 (b)) B, BotH bR ETEEUR R E R 665
wliem? AR AL | RAR, TR RO TE M B KBRS AT B S R ST I S, R BA
72 CsPbBra-SiOz HUGHIBI{E . XKL FFEY, CsPbBr-SiO: BREUGEE T2 M.
TCBE s P B AR AT A W % SRR AT I B R M R 7395, 102].
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¥4 8 24 CPbBrs-SiO: FBEE BT St FE A

4.5 CsPbBr3-SiO: RIFERI 40 & 55
#H—25, FTE CsPbBr-Si0: £ 418 24 WGM #t, AT CsPbBr3-Si0:2

P BT SEAZERA 40 pm BEBEHRE S, MMEH TR EE~%
M4 AT B AT AR AL WGM B . 76 800nm KRN EEME (1030 REEY
SRS AME S, WA 4.10 (o) Fra, EERALE L EME 2| CsPbBrs-SiOz
BT SRR SRS MM SR R AL, FRE R R AR WGM BUtR

=H.

O—n
el

O AT

/’_ﬂq\\:-u{} s cm®

500 510 520 530 540 550 560
Wavelength (nm)

B 4. 10 (a) CsPbBrs-SiO; QDs BB MBIt . HERMEFERE ST H WoM

BatmBE. (b) EREREMINERE224].
Figure 4.10 (a) Lasing image of a cylindrical microtubule incorporated with CsPbBr;-

Intensity (a.1.)

8i02 QDs. The inset shows the WGM supported by the micro-ring resonator. (b) Emission
spectra with increasing pump intensity[224].

B 410 (b) R TEZIEEE 396-449 plfem? W EIA CsPbBrs-SiOs B
B HEE TS . AR LI SHMEZMERREENYK, £RTENKTE
BHIT 2MRE, EENMEBERAEZUT, KE2HH0E K 530 nm, i
23 18 nm M EREH RN, XS5 R CsPbBrs-Si0: BRMEEAA97 Hil
— 5. HWREERBGNERZEEMERES, ERINEIEEEN (KB
HBLA RIS IR AL (<lnm). MR MERREEIFEREESEIER
SRaRERNKXR, WHE 411 () Fx, ATRAEH: 430 plem?, X MEREZ
CsPbBrs-SiO: MEBUC AT HE, WRGENEREMNAZHEINTESR. 5
7 CsPbBr: B T SRR AR L (R{E~970 nl/em?) [143], CsPbBrs-SiO: e ¢
BEMEMNEMR, REEBREEERRT SO HENYENRA RS EEH T E
Mt asnas. FAELEARNET YA AT, W QDs, HEMHEZ AT NH
B TE R 5| AR R e BUTHR ER[27, 28, 95]. RS ST B T S A ZEiLEESE,
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I HR 5 S UL BE R 5T

ETHZEMNNRFTHBERTR (n~1) BAZEHAE (0-1.5). HEFEG B8
BRI TR, Eitk, CsPbBrn & TABAZAMERE, i)
ZIAMZ B EL IR, SR UEEIESER. kb, EARTHETRS
AR PR o 38 R 2 B B T IO B RO BIE, X REAERXMER T,
TG FHRNE T E KRR ERA T, BEEE, B RFEERR. &E,
CrE SR I BOR B AR 5, CsPbBr-SiO2 MUEMOE B & 5 ol THU= 8, M
M S RAENEOL. H—F, RALER T —A2 KR FHIEA R ST E R &
FET (Q. HAKQ=46, EFABOLIERIC, sARBOLIEREE 3.
HE 411 (b, EETIERFOEKAE 536.40m, JEEFEEL R 035 nm, MR
Q AN 1532, XECHMIEMMEROLA Q HH[67, 143].

(a) | (b)
&} 430 pJ/em? &
2 TS| S
z =
= g
= g OA~0.35 nm
& Q~1532
s
320 360 400 440 536.1 5364 536.7 537.0
Pump Intensity (uJ/cm?) Wavelength (nm)

B 4.11 (a) CsPbBr: SIO, BIERFERBRESMAHB I BENEE. () RERRH

&, il ¥ % -035nm, M Q {H-1532[224].
Figure 4.11 (a) Log—log plot of the output integral intensity as a function of pump

intensity from CsPbBrs-8iO; microtuble cavity. (b) Gauss fitting of a selected lasing peak
with FWHM ~0.35 nm, corresponding Q ~1332[224].

AE—BHIL CsPbBrs-SiO flE fef h AIBOEE FATHA WeM A
RITE RS ROE BOLRR XA BOC IR OB TR A, = mnDfm T,
B A, REECR m FOLZBK, D RMEER, » RMENHTHRHE.
A 412 BB —MEOEIE, AF TR RIS S G2 (6 AR FEL-F A, it
A, xR AR IR 489, 488 A1 487, MR FRHRAA=2(znD),
RIAE AL SRENE D U, BFRIRMENER/, HFERK. 5KN
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% CsPbBr: B T S E WL R A BE~0.65nm (AI1E 60 um) [143]FIE = (8] 2E
~0.75 nm (A4 50 pm) [67]45EE, CsPbBrs-SiO: BB LAERIAEE X, A
~1.1nm (% 40 pm). thah, EREHEE AR B 805-801 (FI4& 60 pum)
P21 682-672 ( 48 50 pm), &5 2 489-487 (PI4E 40 pm), IXHNESL T CsPbBrs-
SiO: MBI A WGM. 1718 WGM R BT 48, CsPbBrs-SiO: FII#7 4%
n A 2.08, XM 52 B ERIRIEAYE (1.85-2.30) #HIf[67, 101, 143], F it CsPbBrs3-
SiO2 B F SUCE st I A4 WGM.

495

I~ I~
oo NG
n S

=
(o0
=)
Mode Number

Intensity (a.u.)

1475

531 534 537 540 543
Wavelength (nm)

& 4. 12 WGM X T # CsPbBrs-SiO, B ¥R [224].
Figure 4.12 Lasing mode from CsPbBrs-8i02 microtuble estimated with the WGM
model[224].

FREETRBCEHLGHNANXRARZ —, FHEITIERT CsPbBrs-
SIO: BB KA E . ERIE 23°C, HIHERE 0%/ KSIFIEF, &E
AT, B st O 08 B RS AT B () S ke R B A AR LB 4,13,
SUERBU A EBIEE, 140 S8 GE L6 MEERM) 5, MBS
HERE R —MEXRENTE, RAET SE0LE SO BEEHETH H
Botmtastt, XERALBEENETS, B/ TRERKE, FEZHHRT
ECERBTUBME NIRRT, Bub TIEEHRFE. 84 R
B CsPbBr-SiO: BEE T AEEERMMaNzEE, MUEEH T LEREER
B, thiEE AL MR LT BT
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B 4. 13 CsPbBrs-SiO; B WO E 51217 MBI R HR K224,

Figure 4.13 Lasing intensity from CsPbBrs-SiO2 microtuble cavity as a function of

operated time or excitation shots[224].

46 EEINE

FEEEHIR T 2T CsPoBr: #5540 B F SR H Si0 BESHAN R
CsPbBrs-SiO> Bk ASE MOt RH, RIEAZLBEEME FRE=IEEL
FEttERE. TEREA:

. BB REAGHEENMENE, &M T RYE 20 nm A4, AL
FEHIAE CsPbBrs B 1 & . A2, 7EMZ 47 AT PoBr2 AT ARM T A Cs-OA HIRA]
IR, WEMAEEER I 28, [FA A K H% CsPbBrs-Si0: & F A . il XRD.
SEA-TT MEH e . RICHBRA B ZAB AT E X, #l& /T CsPbBrs-SiO: BF
S0T4 CsPbBrs B T ARG EHERRAME, BEZHEMNAEERNIMERE,
ASE BERKT 50%L, £, BEMBEATERA.

2. B4 CsPbBrs-SiO: WIRH T RAME F S LFFHERINEN T WGM
HMEVERES B . —EHNEERP TARNSSKTIET S, RETE
FRZERETSSIFESTARNEEREMN, BT 2T SMREEL, F
BT E TSR0 -SiO- Z A A E B A T 9545k -2 A |~ AR EE, METH
RUE S AEFIE B R ER, W& T EI0E2EIER.

3 HEETLEE, KBE5EE CsPbBrs-SiO: A HF, MINEI TIREME.
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EARENRE RO, A WM RAL A 7RO LR T R EEENER,
XA RN GRIPE SEI S PERE G T R B S A T T 2
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%5 E 2L CsPhoBrs Z585 800 40K 1 Be ke

SESE £ Tl CsPh:Brs B8N 4K Bt

50 3|5

W T B ERITA RN RIS A B, /TR Btk 2 Fi s
HiE, EEERE. WEL. B, SHEBRETNES RF L H226-231].
FEHS, BT -V &5 S8 &0 BT REIE A5 S,
I LERGT REE A FEAA0MEH[228,229,231-235]. #&MW, A Efh
FEEPRBATHE S, BIEA G| @ i KRR s 78 BBt S R T
Phik[233]. FlAn, RN ERF AR EHREA BRSNS, 2R
TR IR RE S AR ST BRI B 3h R AR AR A R AT R

i B R 2 T U TR T S M BOL A R Sk KR, Mm
SEHLEATRE, BEHIARIRE . — BRI, 254 3400 Si. CdSe.
CdS. ZnO. GaAs fll GaP % R SimEA R, BEEENITS, KOGHK M
KRk B s (eIt erfe) BOdR(EAH 158, 160, 161, 173, 236, 237]. ULk,
A e Bl S R R R B T R T AR, TR R ET
B PO R T R BRI K I 165, 182]. EEVERME, R CsPbBr BT
BRI 2 AR B, B Swarnkar 55 A [168]7E 298-373 K iff B {0 H A Wl &
[ CsPbBrs &7 & LED, W& R H A 6w L FRERE BT Ra 2L, &4+
ARG AR AR . EEIS R BN T L, T2 EER
P8 ) Fo I IR B O S R EAE JL T T N A T B T R AT
AR, MR A BUS R - B S G B T M o B 2R 35 [n]

2l

BT, Wang 25 A[114IESE 7 —FPFE 100°C IR 247 7O B 10 4 50
75, MM ARG LB A CsPbBrs 41K & IR B A B %847 5 1) CsaPbBrs Z A%,
CsPbBrs #42K & U 1 T 45 44 4 L B A IR BE A BURR I Dl 0 2, i kb
ALEMFE CsaPbBrs ZARRP T, Rk J H#BREEMSEZT, H5
CsPbBr3/CsaPbBrs F5 SKH 44 K H & F#PRE IR FEAE 1k 20-150°CT0 [l W &t JL T
AR R T R R TN & B )AL R SRR R, TR
HAEH R E— R, BAEMEENE CsTFEFM PhBrs 22 &8 MK = 4%
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(Two-dimension, 2D) F-FZEHI CsPbaBrs #7 51 AR B4R, XMEME=
4k (Three-dimension, 3D) CsPbBrs F54KT I i 845 #4 B B [ 124, 141, 168,
238, 239]. 5577 BAMEERE CsPbBrs AHEL, CsPbaBrs 72 B A &K PLQY HIFE
B, £EFHSEE. MERE. othda. ReEnSTnAATHMEEE
YIRS, FRTERFHAE M. PDs. ROGE: S MS LA A [200, 238-242].
Ak, MERR 2D P M ER S . KRR T AN SR BT 4 A RE [243-
245]. CsPb2Brs [Ix 248 5t 1 REdG A HAE AR R M0 AOE TR R AR (BT FT 4R 4
T T AT RARENTE.

52 CsPhoBrs 58X AKX A SRR ER L T4

5.2.1 CsPbaBrs 4k F B9

CsPb2Brs 4K Fr (196 KR H B E 2 R A0 A (238, 239 IRId AR A &,
2 i FE A () 2578 B4 gk A AR K 18 100 mg CsCO3, 0.4 ml OA Fl 3.75
ml ODE f&i{f BN 100 ml ZFRHE S, K RIBAEMMRE [, IFEE BRI
NS A2 120°CIREE T Ingh— iy, M1 ZIh B SE AT KV . F — 2Bk 66 mg
PbBr2 il 5Sml ODE MU ZFUHEA, BARP T, OISR, EETHE 1200
B, ANA 0.3 ml OLAM #1 0.4 ml OA, BEFSE 135°C, M#A—/NEjE, fF
PoBr: SR BMEE, HHEAN 0.4mlCs-0A, BHBEHRTREN, < FENA2
ANEFEA BFS . BRSO R RS R IR, B, BT H IR,
WA .

CsPbBrs 44K Fr (28 i a] ) B A D¢ B 3K 5.1 e
PbBr, + CsPbBr, = CsPb, Br, €51}
BITE R IEER PoBr By, — 7 ISR CsPbBr KA GHEA, Wi
AR CsPbeBrs,  [FIRSAHXT IS & [ PbBra 4175 CsPbaBrs (177 -

5.2.2 CsPbeBrs Mk R B0 FN SRR sE 1
BT M %E CsPhoBrs K AT oMeEE N (8 5.1) o/, HESHN

HIEFFM A E A, RTAKFEHA N 44 um. 7EE 5.1 (a) H, CsPbBrs 44
KA, B THSRNESEFIET OELRY, X3 FLilgk b
FREAFIN, B oK A E R ES . BT T 12B R R 1
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355 & AL CsPhoBrs RAGERT H1K 5 #ULE

BT AR R RHL TR GK AR AR R ARSI, I 5.1 (b)Y fias,
CsPb2Brs ZHK fv 2 [a) 53 A AR it LRSS it B R e, XTI 54 TiEh
B RRRYK ORI RS B 1A

A 5. 1 SEM B P A FARBRER CsPhBrs B0k F . (a) FH; (b) BEK.
Figure 5.1 The SEM of CsPb;Brs nanoplates with different sparse levels. (a)
Dense. (b) Disperse.

BT HMEER 2D BT, CsPhoBrs 496 M4 K RIS K
[239] 14T CsPbaBrs [ 45 14 5858647 CsPbBra IN45#4 Bl B AF . 41 5.2
(a) A1 (b) CsPbaBrs fiAGit R 2B, HaiAG Cs'E 75 PhBrs
BFEREEHS, M_HimsEl. 2P Cs"BF AT PboBrs 45 4 7 B 18 4
Z 18, PoYE AT RS L, BrE AT AR I ERFITRER , X ARy
[ R PR M 2= 5 e — S R TR B

‘.‘Qs @Pb 9
& 5.2 (a) CsPb,Brs sih&EHREE[239]. (b) CsPb,Brs &4 HmmHE & .

Figure 5.2 (a) Schematic crystal structure of the CsPb,Brs[239]. (b) Lateral view
of crystal structure of the CsPb,Brs.

iH XRD #=4E, &I CsPbaBrs #9K A B &g A5 CsPbBrs B2 5 gy AH 24
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ANJE, 2IETT . B 53 BT HIE S BIR CsPbaBrs 4K 1 SRR R ARk R
XRD R R, EREERATE RS BTEE M 20-11.7, 209, 234, 293,
35.4, 37.9, 47.6 (47.9) 4, JFRZHIEE T 20 A4 (002), (2000, (213), (312),
(313D, (413)/(420). 25 XRD Fr#EEF CsPboBrs Iy AR (PDF#25-
021134 YR AF , LG HAN A% , 15 AR5 4 1) CsPbaBrs 242K Fr 94l IE 77 S AH .

(002)
Experimental XRD
e of CsPb,Br,
=
g @20
2 (210)
w
5 (312)
=
J (200) (213) (313)
\ A ;
Standard PXRD
of CsPb,Br,
| . B ||||||||| \HIH Ll L
10 20 30 40 50
26 (degree)

B 5.3 CsPb.Brs ZHR A XRD BRI XRD FFER A F H .
Figure 5.3 Experimental and standard powder XRD patterns of CsPb:Brs,

respectively.

5.2.3 CsPbaBrs K R L RS R HE

CsPboBrs 4920 )y B R 5040 7] WO (& 5.4 (a)) 3RH CsPboBrs /£
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Figure 5.4 (a) UV-vis absorption spectrum of CsPb,Brs. (b) PL spectra of
CSszBl‘s.
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Figure 5.5 (a) PL spectra and (b) normalized PL spectra of CsPb;Brs under varied

temperature. The inset in (a) is the picture of excited spot.
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Figure 5.6 (a) and (c) are stimulated emission spectra of CsPb;Brs under varied
temperature. (b) and (d) are FWHM and peak position of emission spectra under

varied temperature.
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FER BB SEA N KER & Sam) WRARRF[114], XX TG 27 L
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Figure 5.7 PL peak energy evulution of CsPh;Brs under varied temperatures. The
interaction (green line) between TE (blue dashed line) and EP couping (red dashed line)

and individual contributions, respectivily.
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Figure 5.8 Linewidth of PL spectra from CsPh:Brs under different temperatures.
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Figure 5.9 A function between integrated intensity of PL spectra and temperature

from CsPb,Brs.
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Figure 5.11 (a) The PL output intensity of CsPb2Brs as a function of pump

intensity at varied temperature. (b) The ASE thresholds at different temperature. The

red line is the fitting.
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Figure 5.12 The ASE intensity of CsPb2Brs nanoplates with excitation cycles under
different temperature: (a) 100 K, (b) 200 K, () 273 K, (d) 300 K. The insets are ASE

spectra corresponding temperature.
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Figure 513 The F-P lasing emission spectra of single CsPb;Brs nanoplate under

different excitation intensity. The inset is emission photography of pumped single

nanoplate.
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Figure 5.14 (a) Typical F-P lasing spectra of single CsPb,Brs nanoplate under
different pump intensity. (b) Spectral linewidth and output intensity from nanoplate
laser as a function of pump intensity. (c) Gaussian fitting of a selected lasing mode with

a linewidth of ~0.15 nm, corresponding Q of 3551.
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Figure 5.15 The F-P lasing peak wavelength of CsPh2Brs nanoplate with

increasing pump intensity.

5.4.2 CsPb:Brs £k L33 WGM 3t

Intensity (a.u.)
)
iy
(=4
=

500 . 510 520 530 . 540 . 550 0
Wavelength (nm)
516 24 CsPhoBrs SR TEAFBUREE IR WM REHE. #HERE
PRI ERRERE R .
Figure 5.16 The WGM lasing emission spectra of single CsPb,Brs nanoplate under

different excitation intensity. The inset is emission photography of pumped single

nanoplate.
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Figure 5.17 (a) Typical WGM lasing spectra of single CsPh,Brs nanoplate under

different pump intensity. (b) FWHM and output intensity as a function of pump
intensity. (¢) Gaussian fitting of a selected lasing mode with FWHM of ~0.16 nm,
corresponding Q of 3374.
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