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Abstract

Abstract

Organ-Inorganic halide perovskite materials (AMX;) have attracted significant
research interest as they show promising optoelectronic properties, such as
solution-phase fabrication, long carrier diffusion length, extended light absorption,
and super gain performance. These properties are useful for applications of APbX; in
perovskite solar cells (PSCs), light-emitting diodes (LEDs), photodetectors (PDs) and
lasers. However, perovskites have their inherent vulnerability to moisture and heat.
And their long term stability remains the biggest challenge in future applications. In
this project, we focus on the self-assembly perovskite crystal in micro-nanoscale with

high photoluminescent and high stability. The main contents are described as follows:

1. We report for the first time that three kinds of polygonal 2D single-crystalline
MD laser resonator of CH;NH;PbBr; in square, hexagonal, and octagonal shapes are
controllably prepared using a facile one-step solution self-assembly method by
regulating the growth kinetics. Furthermore, polygonal MDs were embedded in
water-resistant polymer thin-film with high flexibility and transmission as FPDs.
Experimental characterization and theoretical calculation clarify that side-faces of
these polygonal MDs constitute excellent built-in WGM micro-resonators for lasing,
even in high refractive index polymer surroundings. Coupled with external
encapsulation strategies in polymer matrix of PMMA and PS, enhanced protection
was obtained, giving rise to “water-resistant™ perovskite micro-crystalline lasers in
FPDs. Notably, the laser action of our FPDs keep almost identical performance after
exposure in water for 10 h, overcoming the inherent vulnerability of perovskite in

moisture.

2. A strategy is demonstrated by embedding CsPbX; (X = Cl, Br, I) NCs into
microhemispheres (MHSs) of polystyrene matrix to prepare “waterresistant”
NCs@MHSs hybrids as multicolor multiplexed optical coding agents. First, a facile
room-temperature solution self-assembly approach to highly luminescent colloidal
CsPbX; NCs is developed by injecting a stock solution of CsX+PbX, in
N,N-dimethylformamide into dichloromethane. Polyvinyl pyrrolidone (PVP) is
chosen as the capping ligand, which is physically adsorbed and wrapped on the

surface of perovskite NCs to form a protective layer. The PVP protective layer not
1
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only leads to composition-tunable CsPbX3; NCs with high quantum yields and narrow
emission linewidths of 12-34 nm but also acts as an interfacial layer, making
perovskite NCs compatible with polystyrene polymers and facilitating the next step to
embed CsPbX; NCs into polymer MHSs. CsPbX; NCs@MHSs are demonstrated as

multicolor luminescence probes in live cells with high stability and nontoxicity.

3. We developed a facile one-step solution self-assembly method to synthesize pure
zero-dimensional thombohedral Cs4PbBrg micro-disks (MDs) with a high PLQY of
52% and photoluminescence full-width at half maximum (FWHM) of 16.8 nm. Power
and temperature dependence spectra evidenced that the observed strong green
luminescence of pure Cs4PbBrs MDs originated from direct exciton recombination in
the isolated octahedra with a large binding energy of 303.9 meV. Significantly,
isolated PbBr¢" octahedra separated by a Cs’ ion insert in the crystal lattice is
beneficial to maintaining the structural stability, depicting superior thermal and anion
exchange stability. Our study provides an efficient approach to obtain high quality
single-crystalline Cs4PbBrs MDs with highly efficient luminescence and stability for

further optoelectronic applications.

4. 2D counterparts of Ruddlesden—Popper perovskites (RPPs) exhibit strongly
bound electron-hole pairs (excitons) at room temperature. Highperformance solar
cells and light-emitting diodes (LEDs) are reported based on 2D RPPs, whereas
light-amplification devices remain largely unexplored. Here, it is demonstrated that
ultrafast energy transfer along cascade quantum well (QW) structures in 2D RPPs
concentrates photogenerated carriers on the lowest-bandgap QW state, at which
population inversion can be readily established enabling room-temperature amplified
spontaneous emission and lasing. Gain coefficients measured for 2D RPP thin-films
(%100 nm in thickness) are found about at least four times larger than those for their
3D counterparts. High-density large-area microring arrays of 2D RPPs are fabricated
as whispering-gallery-mode lasers, which exhibit high quality factor (@ = 2600),
identical optical modes, and similarly low lasing thresholds, allowing them to be
ignited simultaneously as a laser array. The findings reveal that 2D RPPs are excellent
solution-processed gain materials potentially for achieving electrically driven lasers

and ideally for on-chip integration of nanophotonics.

Key words: organic-inorganic hybrid perovskite, lasers, solution preparation,

microcavity, luminescence probe
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Figure 1.1 The crystal structure of organ/inorganic hybrid perovskite
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) BNTHLRAEERD AAE R & RF SR TRy SR EA R

7



HH-FHEAEET RIARIIH & RO T B R
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AT VR AN R FA YR > . ZERFHYGIRET T, CH;NH,PbLs B 5% 8 T H9 BE
B DA 175um. PPURUUR B BRASERT A R, RS AR BIERBR T
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Figure 1.3 The energy level of organ/inorganic hybrid perovskite
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FLF 2 SRR AR R B, (R ML RS SR MR R RO R T T
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N APbX;, BRTEN A BFRARX TR &R mEEN, RME—ER
BB R AR BRI AT /EA . B CHsNH;POL; HIHERA 1.5¢V, % H
B ETHATHEEF Cs' ), Ry K2 T 1.67eV, xR & CH;NH;Pbl
K. HE—SRRBWRERE, HHERE/NA L4ev, IEHATELELET A
B F R4 ont Fm B A A A

BT UL B AL AR DAAL, AR S M RR LT R AL
MERIEBRIN T, REERIEEESREART MR MAZER R LTE, RIMK
PRSI & BB T T RN RS, EARERRER. BREUKGTEFRAS
HEET ZRR AT

1.3 B THRLSET MRS S X

B AT R R, Hh A ApimlT,
REBIET, FHHETRAMEREZESERIAT, 7 UREFBREASR
BRI AR X — R WFRT H S IA PSS ML 251 21
IR A BN ] WG BUE S WG ZE AL . BRILEASY, RER M
REESERT AR LRI R IR & B Bm. FERIBNFE— T
TR MR A A EARERER, THE— TR TH8E K6
AT AN FE P RE HO R o

1.3.1 KR~TE &

B S4B 4KTT R < B R B R AT A H e R R TR S 6 AR
BT R T T E TR, R, Wi EH& R RTS8 SRR R
RSEBRI O RIBAR. 2015 4, Bakr 2 AT FF IR B 5400 st
AR, BT AERR T ERERRTH=44540" CH;NH;PbI;
F1 CH;NH3PbBrs B @418}, VIR FR 4R KR B iR A 7 %7 i BB A J5
?2 . [26]



HH-THRABURT R BRI & R TERA

B 1.4 Z18EKH & ERRT 580 B4,
Figure 1.4 Centimeter-sized perovskite single cystal growth.

2016 4E, Liu & ARIHFHENT @ EE ST RRRAE KK T, RIhf%
H R~ AN BET IS SR CHNH:POL; B Fr, I IR S R B &
g8, LI T EEMBIRTT #4840 CHNH:PbL; B & . ST
5 S LB B PR T RIS T A T SR R TR, R
BRAEERTERE . oAb, R EDCIRNSRE TERE T ER
HTHEM RS, P

B 1.5 FHEHT A& R SR B

Figure 1.5 Inch-sized 2D perovskite single cystal growth
Bk DA 4k, Sargent iR B 4H F F ¥ R ] & Y R 8 IR GR B S W
CH;NH;PbBr; .48, FHRAMEAFAN R, FR T EWRR TR B HA TR
WBHIRIGAT R . 35 BB R AR S ERT AP R RO TR TR T AR IR R
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Fi1¥E 5 %

FIF 800nm MBI B REITEUR, ER T HEKIOLTRIEAR. FHIT
7 CH;NH;PbBr3 HIUE TR 8.6cm GW'o TESEIARIEH]& M55
PR DA A AR O XOE TR CR R A R,

CH,NHPbBr;

B 1.6 BEHLTARSERD BRI TSR .

Figure 1.6 Two-photon absorbance of hybrid perovskite single crystal.
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Figure 1.7 CH3NH;Pbl; perovskite hexagonal crystal laser behavior and specta.
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(RIS MR, SCHLAMRERE SR AR R ST . HTinsirg v T K210
Xiong &N, FIFAFEDSGRIRIIIT I & CHNH;PbL; FINUTHOKE.,
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BH-FHR SR R & BT ERR

(Whispering-gallery Mode, WGM)IJIE#RfE, 73 CH;NH;Pbl; K5 HISRGEE
TEERABIREFEY, BASITZHRNH. P
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Figure 1.8 Hybrid perovskite CH;NH;PbBr; square crystal laser behavior and specta.
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B 1.9 CH;NH;PbI; AN Si0, NRGEIRE 2R 5T

Figure 1.9 Hybrid perovskite CH;NH;Pbl;@SiO, micro-sphere laser behavior and specta.
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AT T, CHsNH;PbBr; =42 (38 28 T MR 7 HURE & B Ui e 45
FIM) WGM ks, SEBLGOGHIZBURST. RN, BRATLEIEY, FIRIIE
fil, AT LASHHCKR R @A RBOs B = B B E R A . DY

BT I F A A B RN G M o SEBRBO AR ST LA, S th S &
B HTAZAEGERT R} 1 25 14 R AR 7T DA B BRBOE R AT » Sargent SRE4L
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BiIDH CH;NH:PL; 350 B IRUTARE — S ALREMIR £, DA EALRENERIE R
B, fF CHNHLPbL ME7E “ELREDNERFTIRAE R b iR £, BT/
BRRSE, SEEL T R ARERMR R ROR S AR P

1.3.3 4Kk
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B 1.10 CH;NH;Pbl; —EKE MR EZBR ST HAE .
Figure 1.10 1D CH;NH;Pbl; NWs laser behavior and specta.
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WLZR AL 0T R I BOCAT AT S . A HSR 3 SRR B R N
RS RESIIBUIR . PRERLZIVNGT TBOLRE TR, BN
FATEGIR T2 h L T R AT BN e . P HRE M LR
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HESWRE. RENERTE, UIREEREIERINSG, THHAEHEKE
EEEFNED 400 |MERELL L. 20154, Zhu FAFAEHIHIRLTHEERT
LB & RIS, REA T —Fr &) % CHaNH:PbL B R EYIK LI 5
MRS FBBALEN T ELRH & . ARG —ERRENEGER, %
ZH IR ITE CHNH;L MEHH, EERERMEAFRERLTIRE T REERN
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HE TR 87%. HTHMMK—EEMREERNSMEHE, FERB{EN
5 220n) em TSI T RLAT CAB B 523k &t . 8 AT T IR A b A R BB A
%, T LASEEL CHaNH;PbL; 4048 AT W6 X BB s

A/—“‘—'—‘WB
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Figure 1.11 Inorganic CsPbCl; and CsPbBr; micro-laser and specta.
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BBV LR ER —F RN S H&, BRI E. HE EIRK
AN BT MR, TRREWERMKRTT, ERERBURL%
BT, HRARTHEEHARE. ESEEHET SRR R BN, FEH RN
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FLEH

D3 s gk ARV P DU AR I TE A8, RROLB TR R 90%. A3k
BRIYKRAEEEREY —RAERT. EEHARRIILLG], 7T
S 41, AT WG B, BIHELLAMEA BRI R GHE , FER SIS U 12-42
gk, BRGE TR 50-90%2 [/, RBAEREEKT 2R Z%
THEWRER, HRARIFHBE BT ERT FEITR TR,

FHETFX—REHAY BT RMGPK BT R T HRE T8 & 90K i

ST R IC .
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Figure 1.12 Hot-injected method for preparing visible band emission CsPbX; NCs.
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Figure 1.13 CsPbX; nanosheets in different thickness and spectra.
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R R R b e i me g,  Bh BB VA1 BC A 5 A B H 31 SE BRA || R~
PEOGUR BN H % . HPHAANRRR, EHE SR RGERPIK R
i, HEGHRMMERNENEH<F HE2HZEN. 2016 45, Manna {IE T Hl%
THEEERE™ CsPbBrs 9K &5 . PUTEBIR AR T 3T LA skl 9k A
MEETE 3-5 BAEA. Rl&HNPRASHEEHERN ZERBEM, R
TR HETRAE, FAETRRINTE KT A8 EL T HE AN & B GRORL,
HEHZET 047eV R

2017 #F, Zhang FAFIFHE ZRAENEM, EZEFMFTHE THAREE
HIERR 2 2 MR BN 454 Gk bt el PRE TR BRI R,
A DL X e — AR AR R AT RS . X RS MR A%
AR RRERN R, I ERE RFRICFERENE. #&HKN 88
BT UG R E e N 580 RO EL R F R ISMMELER .

B 1.14 FWRBUEK —EESRT 9K A fl & & B

Figure 1.14 The preparation and their image of 2D perovskite nanosheets.
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%2 & REERNAVEHRLSET SURBOLEH

215|8

T g B T 32 (Flexible photo-electronics devices, FPED)AHE T 41 i
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3% 2 & FRERNENEHREEY SEHROLSE

B 2.1 —Hh &SR SURNEREE.

Figure 2.1 Schematic diagram of polygonal perovskite Microdisk (MD) preparation.
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Figure 2.2 The PL-images of prepared polygonal perovskite MDs.
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Figure 2.3 The TEM images and SAED of prepared polygonal perovskite MDs.
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Figure 2.4 The AFM measurement of prepared polygonal perovskite MDs.
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Figure 2.5 The X-ray EDS of prepared polygonal perovskite MDs.
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Figure 2.6 XRD patterm of prepared polygonal perovskite MDs.

ME 2.2 2 AT RES G B T AR L, Wi \ia

25



BHL-EH BT RO & R O6 TEF5

BARMNIEZ AR, SHAEEA 90°BER 135°. RMANLHHIEIE
LINFEER, TRUT AR/ LHESERES, HANTNASHN: T4
135°F1 2 4> 90°,

2.32 B RBRREFEKHER

BAENA RN ZAMEMNFED, ATasR R T AR &R EKREER R
. X HELRAHEE (B 26) ErgdEBENETFIFERDN
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Figure 2.7 The schematic diagram of crystal growth of polygonal perovskite MDs.
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B 7R R B4 TR TR R B (Ba) FIR T B (Baur) . EIX B, TNRIMZATEEH
TR 5 A R T AR KR BE B DI . MERESRUL, MK TR
B

Au = kgTIn(o) 2.1

Hoebp Au LSS, kg NEBUREEBFEE, TALENEE. o AHEBHIEEM

&, "TEARIERN
6 = C/Cequilibrium 2.2)

HH Ceoquiibriom FOFR K AZEME W CH;NH;PbBr3 BT IRAARFN & AL 77 IS
FIRE . C AW CILNHPOBr3 WSEhrikE . FILAETR R RET, @i
RERFR C BT DL MR B AT REHE R R . /R R 8 T 92 R R T B
ik AT

Riniyy & C X exp(—AGHa3/kzT) (2.3)

Hr AG HAFEREIELE HEE. —BCki, SEEKPNBLE5RE
BE B BRI REEBSBEKE20E, REANEKEESETRT
RETMEKEE. RELESTHOREERERE . BRRTEHF,
Equ{001}< Egr{1-10}< Eqr{110}< E,;{010}< Eq,, {100}, HILiEILBERIHEFFRI
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5/15/30 mM fJ CH;NH;PbBr3 H SE A BT AT A 5350 0.25mM,
0.75mM 1 1.5mMe BAMERE Cequitibriom = 0.2mM, 5L 5 iyt 1 A B Bl 23 31
AN 125, 375 Fl 7.5, EREKEBRANET, NABREESHER, EEL
B F A 423 E T AGT{010} 1 AGT{100} . FERRMEBFAMET, HEH
H—BEFT AGH{110}, BH AG{001}> AG{1-10}> Au> AG'{110}>
AGT{010}> AGT{100}. HBLSB{110}F0{-1-10}FH /| BEBENFHEEK, F
RTADHER . EESRAEE— SN 7.5, KEHBIT AG{1-10},
R T S8 AG*{001}>Au >AG*{1-10} >AG*{110}>AG*{010}>AG"{100} . {1-10}
F{-110) MEMAKILRER T \LTBEH .
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Figure 2.8 The schematic diagram of home-build u-spectra system.
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Figure 2.9 The laser spectra of polygonal perovskite MDs.
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Figure 2.10 The u-image of polygonal perovskite MDs under different excited energy.
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Figure 2.11 The threshold behavior of polygonal perovskite MDs under laser excition.
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Figure 2.12 Electric field distribution (£) of polygonal perovskite MDs using FDTD.
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Figure 2.13 WGM cavity modes contribute the laser modulation.
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Figure 2.14 TIR caused by refractive index difference between inside and outside.
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Figure 2.15 Electric field distribution (E) of polygonal perovskite MDs using FDTD.
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Figure 2.16 Polygonal MDs @polymer films by slow spin-coating methods.
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Figure 2.17 Emission spectra of square MDs embedded in PMMA (red) and PS(black).
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Figure 2.18 Emission spectra of octagonal MDs embedded in PMMA(red) and PS(black).
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Figure 2.19 High resistant improvement polygonal MDs embedded in PS polymer.
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~ Advanced Optical Materials Top 5- August 2016

. %% August 25, 2016 By Anja Wecker Lesve a Comment

Advanced Optical Materials brings you the
" newest breakthrough discoveries in optics and
photenics. The journal covers topics like
pti lectronics, ph crystals,
nontinear optics, optical devices, detectors &
sensors, micro/nano resonators, optical

waveguides and more. Make sure to
recommend the journal for online access to
your fibrarian. All information can be found

here,

¢ Five selected papers:

. Photoinduced Schottky Barrier Lowering in 2D Monelayer WS) Photodetectors
" byYe Fan, Yinggiu Zhou, Xiaochen Wang, Haijie Tan, Youmin Rong and Jamie H, Warner

-] Water-Resistant Perovskite Polygonal Microdisk Laser in Flexible Photontcs Devices
Haihua Zhang. Qing Lio, Xuedong Wang. fiannian Yao and Hongbing Fu
¢ Supercontinuum Generation in Naturally Occurring Glass Sponges Spicules

by Hermann Ehrlich, Manuel Maldonado, Andrew R. Parker, Yuri N. Kulchin, Jorg Schilling, Benjamin
Kohler, Ulrich Skrzypczak, Paul Simon, Henry M. Reiswig, Mikhail V. Tsurkan, Eike Brunner. Sergey S.
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Figure 3.1 The schematic diagram of preparing PVP capped perovskite NCs.
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Figure 3.2 Schematic diagram of preparing PVP capped NCs and hybrid semi-sphere.
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Figure 3.3 Size-controllable perovskite NCs preparation by tuning the PVP dosage.
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Figure 3.4 Size and PLQY impacted by the PVP dosage.
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Figure 3.5 FTIR spectra of PVP ana PVP capped perovskite NCs.
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Figure 3.6 Absorbance/PL spectra and optical image of PVP capped perovskite NCs solution.
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Figure 3.7 XRD pattern of as-prepared perovskite NCs.
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Figure 3.8 TEM and HRTEM image of PVP capped perovskite NCs.
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B 3R H eI SR AR . AT RENERE Pk B RERENET™
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Figure 3.9 Multi-color emission of PVP capped perovskite CsPbCl;..Br, and CsPbBrs I, NCs.
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Figure 3.10 Absorbance and PL spectra of multi-color emission CsPbX3 NCs.
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Figure 3.11 SEM images and EDS analysis of hybrid semi-sphere structure.
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FEFovk IR F 2 RS ERT PR AR, TESE T 4S8R0 APRIFE BL T T RO A Ra e 1
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Figure 3.12 PL image of multi-color emission hybrid semi-sphere structure.
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Figure 3.13 Luminescent probe based on hybrid semi-sphere in Raw-264.7 cell.
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B 3.14 EMEZHA Raw-264.7 AEZALLERGHIFIRE R RERRK.

Figure 3.14 Confocal image of hybrid semi-sphere in Raw-264.7 cell.
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Figure 3.15 SEM image of hybrid semi-sphere in Raw-264.7 cell.
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R, AT PR RE WA R R %, BATER THA
ISR R C YR R R AT T o, IR =4 3E R A RE R A EXT 48
FLIREWP=HN BT TR WE 3.14 B, RMUEEREHBFEKA
RS, ESE T RERGWBEER. R, E4NARERTRBERE
JERIE R I 3.15, W BEHE T iX— .

B 3.16 ERHFRREFH T RACGERGEWIIFICEE

Figure 3.16 One Raw-264.7 cell could contain tens of hybrid semi-spheres.

334 FERETENBATHRRBERULREBOZ NIRRT
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Figure 3.17 Multi-color hybrid semi-spheres applied for luminescent probe.
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Figure 3.18 Multi-color hybrid semi-spheres spectra and according 2D scanning code.
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Figure 3.19 Viability of RAW 264.7 cells at various CsPbBr; concentrations.
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Figure 3.20 Live cells incubated for 24/48/72 hours after hybrid semi-sphere injection.
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% 4 B TY Cs,PbBrs FHET B Mk Z R CHERBT T

FRBRB B RAUR. XSS RGBT ST T 3 — P MR RAR
Ao RS, 3T M Bk R IR m A RMR S R 2] TR KR 21 .
B E R FLE Advanced Functional Materials |, K& AEHEN ESI B8 5]
XE, LERERRBSIRT FAHARTREEATHNKE, 7E Advanced
Science News F#/E 5 ST T IR OCIRIE

BIOTECHNOLOGY
Water-Resistant Multicolored Bioimaging Probes
A bright future ahead for bioimaging and optoelectronics. as researchers demonstrate

enhanced stability of perovskite nanocrystals by incorperation into polymer matrix
microhemispheres.

ADVANCED SCIENCE NEWS

Blotechnology - D - Disease P jon - Micro-/N: hnology
Water-Resistant Multicolored
joima. robes

n By Hannah Muir
) e e ot aany LT

I B T

Lead halide perovskite nanocrystals {NCs) are used in luminescent devices for their tunable color, narrow emission

acrossthec visible spectrum, and high quantum yields. However, ali-inorganic perovskite NCs - those
commonly integrated into devices -~ are inherently unstable and itive to hy ysis. C Iy, ¥ hers are
developing new methods to stabilize these NCs without sacrificing their luminescent quality.

This month in Advanced Functional Materials, researchers from various institutions across China have reported the
successful incorporation of CsPbX3 (X = CI, Br. 1) NCs in microhemispheres (MHSs) of a polystyrene matrix. The result is
a"water-resistant” CsPbX3 NCs@MHSs hybrid. They have done this using a facile room temperature, solution phase, seff-
assembly approach that results in NCs around 30 nm in size, with a narrow size distribution (< 10%} and emission
linewidths (12-34 nm) (see Figure). The NCs are capped with a polymer, polyvinyi pyrrofidone (PVF), which not only
stabilizes the NCs but also permits their subsequent fabrication into the polystyrene matrix. The resuiting NCs@MHSs are
highly stable and < ideal candl for bioi g applications.
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%48 B4 CsPbBre F54KD BRI B Z AR IR REFT R

4135|8

AT AE], ANV AR T AR R PR g FE YA GRS A R Y
KB A ZEE . BRILLLAN, BIREELIIZIMRLEA R R EHERERIEL
SIS AT R, B2 = s A R iR TR RN ABX;, DL B AT
MaBRET (P sn®) M X AKNKMAET (CI, Br, I A\
B, AmAEN. THET A (Cs', CH;NHY (NH3),CH* %) FHE MK =4k
gERy . EESRMIRET, TiAAER =4S FRMATLH T BB R A S RSk
&5, SIIRTE, SHEAEAR T BA R/ MOB T RERE, A RESEILE AT AY
Fa%%, EHERGNERE. O 2015 £, HRAREN KRN
FAk, e B IR T & RS 4 A NS 4RH™ CsPbX; (X= Cl, Br, DAUK BAERIITE,
FERANER AL RENETR, RMEECSBNAET HZ N
F, MR TRE, BOtHEMESSLE. AR, BRRPAKE
PRTEVRIA B 2 TP R B TR @ik 90%Lh b, BREEAZE T RN
2W0%kEh. BRETERERSENT, 9XSERARPHEERTRT, F
TR — 5 BEMBRICB TR AKMEIK. AN, TiRRBIELIHKM
B, HTSAT MRS TK. REFTHFERANLEER, FEES
WL . 1091060 e i) 2 — b B R AR O LR B S ERAT B A R 2 T —
R BT MR — AN EEM B iR, P17

B CAREEA RN TE, BB/ NERT MR RAE ENER,
AP AR R RS AR AR, EMPRLIOREYE, WA RAAOLIER IR
FEaH SR, 101051081 b A PbXs SBFCAT LU MR, &
H Pb A1 51 TR )\ AR 45 4 PoX 24 CSTBS 743 8 BB L I AN AE ELE R R A
HiAGEM . PRI T AU IR S — — AN\ TR A3, BB R T4
e, DMEIASILETREAEES, FHRRETRERIARE. MR TER
KT, EBEEET ESTSRKRE T EAHIIE. BAMERIRE, AW
(T BEFRT RS RICTREERSE: [V NIRRT M
BRI RN, MAREANBAT —EENZ45ERT CsPoBrs KGRI,
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AHL-EANRAES Y R B 6 & RO TEM AT

FTCLE R T B R 6. A, RERFER CsPbBre B8 & Xt 1 AT 7L
8 [ AR B, PRI

ZITAER, BAVRW T —FM— S RER AT, RINEAEARRE
T HI% T BAE N EHGERY CsPoBrs ERMKARTRE. ZREEFET
PEREIL S2%MRMME, HERHFIEENN 16.8nm B&RIFHIKIELL
FE o seig it x SHEATHAE X B ATE RO, UER T MOKEE S R R R
BEREREHT B G, SZAARNRE, RINEERF RS T Z45UT
BRI =488 BHMHERNIRE, BE— PR ROk E TF
YEgEeky . HEBERRNEESKY BT N\IRTEESE, KRR s
VAR ZH ) Frenkel ¥F, B&EREMBTEERE. XMEFRIERRINES
FHREHET MR B & RFOATENE, R THE—PNAERSHR TP, %
R4 R FAE Physical Chemistry Chemical Physics b, F#{i¥A4 PCCP FE
Hot Articles.

4.2 SCHRERS

4.2.1 KFF R
CsBr: 99.9%, Sigma-aldrich Crop.

PbBr;: 99.9%, Sigma-aldrich Crop.
NN-ZHEHEE (DMF): 4, b2 7 A F)
“E g othd, JERERAFERAFIA A

4.2.2 SCIG{UES
1) Hitachi S-8010 37 H 7 B8 ;

2) JEOL JEM-1011 i& & i T B s
3) Horiba JY FluoroMax4 7% 64
4) SHIMADZU UV-VIS-NIR 3600

5) AP250D 43#7 R F

4.2.3 T4 CsPbBre F58N R R F
FRAGERY SR A B W — R BT T 5 B R A S T iR SRR .
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& 4.1a fis. B HIRE aREN 30mM [ CsBr ¥R b.CsBr: PbBr,=1:1
IR . IEFBAEEN 3:1 BHBIRCEIRE X CsBr: PbBr=4:1 i) DMF ¥
W—ERZAE, WNEAREER L, RERERRET - MAFEE ik
SEMAERT. FREROESS, SRFERNEEER. —EFRIESRE
BORMIER M, BE H AT MRA RIEN . B RIEANERAER
R, (RS ERRENAEK. £ 24 P2, RETERRER S
B EESERT HOK 5.

CsBr : PbBr,
4:1

Cs,PbBr; MDs

B 4.1 BEEEKT Cs,PoBrs MR H &R ERE.

Figure 4.1 Schematic diagram of 0D perovskite MD preparation.

Hofih B 450 B T B 54k AR R AT DU 5] a R0 b R R Ea
SKiE#E, $£18 CsPbBrs. CsBr DA RILBA KK .

4.3 ZR5We
4.3.1 BHE Cs,PbBr, {58 B RNEHIFRLE
B 4.2 FrRAKER & KBEEERT HMERCEEME R, BIRAEEH
WekBUIRGE M, HRmIEE KRN, 7E 330-380nm IS, 2.
TRk B R S HRRME s, HEBEMRERENS. B 42 AMFTRAX
EH SN THEED MR BAEK RS, 78 514nm FFE—MRLEHRRII, &
ZHTRE R B E ST MR RIGSER EE—H . SFERKERILR
JESEHAEMETE 517nm 4k, FHPEIEFEN 16.8nm, HZ BITRGE I TLESLRT $
85(>20 nm)FIH R (23nm) i 3 A4k . DO b > 4, 2T YLK B
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Figure 4.2 Optical image and spectra of 0D perovskite MD.

B 4.3 THTELT Cs,PoBre SR BER A .

Figure 4.3 SEM images of 0D perovskite MD.

B 4.3 Fi7RA CsiPbBre £k TSR AR BB B, KERZEHEHK
RIS I ATERER . WECKE LRE, MiEriagsss, kmasda
REIEHHWFRAEE, —WHAN 120 B. ERSTHHE 3-5 MKEERA,
EEAN lum. AT THERLTTRAR, TATFA X HEI6H T EEN TRk
B AT T PR . 552 B R Cs/Pb/Br FIELBIN 36.36/8.84/54.8, 53 Cs4PbBrs
b2 e e — 5.
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Figure 4.4 SEM images and EDS analysis of individual 0D perovskite MD.
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Figure 4.5 XRD pattern of 0D perovskite MD.

B 4.4 HETRSARGE, Hi Cs(ER). PbEEB). Br(&E)=FTER
EZRE R 3SR . BRSYT Cs,PoBrs FIREB T=ARARNEH, L&
HSHN a=b=13.73 A, c=17.31 A, VOO 4 5 o, FEMRIRIBEERN
KEH CsiPbBrs FIZ I x SHEATHIEE, FTANTNEMEN S =ARRE
SEYT M. FABRTFREESITFMEEENY, B 46 BrNEXE
THTSHSAED)RIER, BHRENFMTE R4 38 110)M008)FE. X 5t
LRATHTRIIE X L FATST I SE FIGUE R T TR BORERE = B T % Cs4PbBrg
BT .

NTH—F TR REERAEA, TRATHA BRI Materials
Studio X4 CsPbBre S54kH M KTUHAT T B . MU 25 P9
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H 120 BERLER, SRITRENIHRERTE . B 4.7 875N PbBre”
AU (110)F0(001) 5 M BIHEAS, BE—BIE T \E &8 Cs AT s
SR YE ARG I HEAR

B 4.6 B CsiPbBre BRI F IR G X B T AT FERE

Figure 4.6 TEM image and SAED patterns of single 0D perovskite MD.

B 4.7 FIFHB4EFERT Cs4PbBre H MK AE KRS S HE R —2.

Figure 4.7 Theoretically predicted growth morphology is identical to as-prepared MDs.

4.3.2 T4 Cs,PbBrq F5EAR BRMZEMERERR

B HATAIE, T E% CsPoBre BET MBI A CEHIRIE. R, X
FHEEEZERE R E FEYE Cs,PbBrs F54k0 £ FE R BN =4 CsPbBr; 45
R GURBRL AR BEIESS . AT H—PHARX SR, ATER T ARER
eI a F0 b BF AT DRI B Eo gl . FERCEEB 35009 1:04 6:14 3:1. 1:1 A1 0:1
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DB & R e K X S RAT S AT 04T ZE B 4.9 R BTRIN xed HIEIEH B,

ZREAHH FIRB RS S CsBr. CsqPbBrs. CsPbBr; HIFRHERIEEE—E.

MERIHIPERERE, CsBr FEEINCHBUR T REAE KIEH, CsiPbBre ML
CsPbBr; L T HRIRAI KRG,

CsBr: PhBr,
7:1
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Cs ' By,
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B 4.8 RFEIBTIEAE B Hl & KPR G E R EME K.

Figure 4.8 Optical image of obtained micro-structure by using different precursor solution.

FEW =S R E g, 7.1 f12:1 B, HETHERSHEK:
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AN TR B X S ERATET 6, R LER B T Bf fR AR X S LR FOARRE
5T, ERIXFF AR FE. B 4.10 Bian, J9 CsBr: PbBr, HUFIA 7:1,
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Figure 4.9 Optical image and PL spectra of obtained micro-structure by using different

precursor solution.
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H£%, WA 4.11 fiR. W TS50 MoK SARY, HEER KR LR
AN 098, IEA=NBEET FHEBBRRTFRFSERHRERES.
[30,111,113]

SR, THELLT CsiPoBrs ARG 0.7, XEEK—MEBRUTE
R B R PP BT BT AR R T IE KRR . AT #—PTH
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I(T) = Iy/1 + AePo/ksT (4.1)
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Figure 4.10 Logarithmic plots of the power dependence of 0Dand 3D perovskite MD.
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Figure 4.11 Temperature-dependent PL spectra, the fitting result of the PL integrated intensity

plot against temperature
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Figure 4.12 Thermal stability test of Cs,PbBrs MDs and CsPbBr; QDs film.
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Figure 5.1 Absorption and PL spectra of RPP-films of {(»)=1 and co.
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Figure 5.2 Absorption and PL spectra of RPP-films of (#)= 2 and 3.
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Figure 5.3 Absorption and PL spectra of RPP-films in different n value.
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Figure 5.4 XRD spectra of RPP-films in different (n) value.
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Figure 5.5 Absorption/PL and ASE spectra of RPP-films (n)=6.
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Figure 5.6 ASE behaviors and spectra of RPP-films in different {n) value.
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Figure 5.7 Optical gain of RPP-films in different () value.
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Figure 5.8 Summary of the optical gain and PLQY for RPP with different nominal (r) values.
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Figure 5.9 Transient absorption spectra of (n) = 6 RPP-film recorded at different delay times.

& 5.8 Fran, BESRLE T2 R PLQY)MEE n M M3 N TN, 75 (n)=3
KRB R TE . ART, BB (n)=4 &L L, AMEEIHEN ASE T4, E(n)y=4-6
JEEN, BEE n EHTHE, MREREOUE. E@)>6 MFET, HEEOERNT
B, MR R, FIWEZER P R SREEERICRNA A (n)=6 1)
BEM, HBRMER 13.6u cm?, B RBON 112em ™

71



HI-EH RS ET RO B &E AT ERA

05 F————r e —
420 440 460 480 500 520 540 560 580 600
Wavelength / nm
& 5.10 (n)=6 BRSRMBOGIENHASL R SRS IGER LR

Figure 5.10 TA and steady spectra for (»n) = 6 RPPs at different time scales .
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Figure 5.11 The bleaching kinetics probed at selected wavelengths in454, 473, 486, and 513 nm.
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Figure 5.12 Schematic of cascade energy transfer in {x) = 6 RPP thin-film of multiple QWs.
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Figure 5.13 Schematic of preparing {(#) = 6 RPP microring array by using PDMS template.
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Figure 5.14 Optical and SEM images of microring arrays.
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Figure 5.15 Optical images of three size PDMS template.
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Figure 5.16 PL and PLE spectra of as-prepared RPP microring arrays.
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Figure 5.17 Optical path of our inverted #-PL microscope for laser measurement.
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Figure 5.18 PL image recorded above lasing threshold.
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Figure 5.19 Spatially resolved PL spectra recorded from microring and threshold behavior.
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Figure 5.20 Lasing spectra and lasing threshold recorded from different microrings.
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Figure 5.21 Lasing images recorded from different sized microrings.
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Figure 5.22 Simulation of electric field distribution within microrings by FDTD.
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Figure 5.23 PL spectra collected from RPP microrings with diameters of 12, 19, and 29 pm,

respectively.
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Figure 5.24 Mode spacing of lasing peaks versus 1/D of microring lasers.
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Figure 5.27 Laser behavior of RPP NWs arrays of (n)=3 RPPs.

FIRE, FIFA RS RRGUREEH, 7T BT AT A iR
SEIhRATER T =FASFE R ~F K PDMS B 23 B8 T 448540 Gk R 45
¥, FFRRR T HBOCHAT R, Wl 5.28 fras, HAE I BEFEE Pk R RY
SEINEA AR o T BRI R RO AT BT RS R TR 4%

b
—
C

5]

A2=1.8 nm

Relative intensity

545 555

W‘ﬁvelength / nm
& 5.28 AFER~F BAFA, Pb,Bray FIKERE mBOGERE A IEXT R A

Figure 5.28 PL spectra collected from RPP NWs with different size.
82



5 B ZHEERT SRR EULERTA

5.4 FENG

%5 T =4 RPP 451 BAMA, PbBran MAMER M Z B E T B HKIH
%, REAE=ETH ASE ME06IT A BRI BAMAL P Brsg HIETIE
PRI & B 2 PR R n R S ERT PHERN Z ER T PHEM, BAE
GEM R EEYCE N A BRI RE, KK n EE T PSRRI RERTUR IS
A EERE n AR TSN, E8K n ENHS LRI THE X
#%, B2 SN ASE IO . t—35 XX Fh £ B &7 BH & RIET 4 5 19 PDMS
FEAR R B I 7 81 &t T R FR . SRR IBERI G4 . LU PR T AR A R A 1 il
[ R~HES %2 BB F U R T RIFH SR, FUSSEIRERN. %
BRI SGMBEIE TIEF— SRS ER, RERENRRERT.
330 80 0 K S B R T T A S 3 AR A R ST SRR I S, SRSEILH REFHY
AT RS AT ORI X TR AN R IFT ST, B A
FF— BT 2R TR A S R RO B RN AR % AR
IR % RAE Advanced Materials .

W3, SLRPBRAIRN AR T HMEHER, #1457 BAFALPbBriw
VEREGEN, EART, BRANEAKTIA T HPME h%dE. RBH T R
AT e A 1EF I Be B R-E S B R b A . JREFIA PDMS HRAR J7 ikt
£ T EREBHGKREEOLES], % T/E%E R RAE Angew Chem Int Ed £, FF
¥3%4 Very Important Paper (VIP) 3 .

83



AHL-FHIAE T RO R 6 & R s T 2B R

84



BeE:E REHRE

HoeHE RESRE

KR T E R ORI, FRTERMMR ORI T B L5
LIS . T B FRMGRNT AR AT R AV & BH
B, XEMEAREERS . WEERNRRFIEE. BB
R TR, SATI R B A $ & R I TR R 1
SRS, AHAE RS BEFNRENT RER &AM I, mHEAET
PR DL K BT RRAT N, R, BYARE S M E AU seEcE, B
H S R AR . A LN AR S TR RN B R [ 1
R ML TRR. BHLTHGAL KSR PORHE S BAT BT 7077 T L 2 2
FUEHEEE. AT, BT REVTNAAES T PRMK AR X R Z W&,
MRREERE, BSRACETFREK, R T HSAT MR ES
WA R -

YRR BERNFRAE REEKTEHAKMRS, FELR P BILER
ARREAEKER, 4FF6& T 0K, ASUEm/ AR nMEsEs. EX
BEML, BRI B T RN ER, BKTFRIST. GaK
SUPERBLRIRY, A BRI R S K R e R KR =, FFRTEASE
HUE/K RIS 10 ANEHMBERRIER TR, TR T840 Rk ie e 23X — 5t

ke, FIARSYABNWETE, HH&NEET FKEERABIPIK
B AP & T PR R/ B SRR A . REVRRPRARRE T
SER R KRG e, AR HRUE TR E, & T S AR
Gt TR VOB SRR R AT ME N 2 AIREE R B YIAR IS .

B DLAh, BATEEES U E T ENG b, SRS MR
MR REMERE . Wit T — R — SR E H AR TR & T T
CssPbBre ST MK HLs B T7 ik HLIETEAUH 16.8nm, HEAF 52%HIKMAE
FieR, mF Cs BFWEEE/NTEZIE, EET \EE R EstE,
BB THRELY CsPoBrs AERFRNIFRE M, BEIMFLE CsPbBrg
ik fe A E RS S MR B T M R M T THIAR L T ) = 485 400 1k IR

85



FHL-THNRAEERT R R & R I T 0TI

T B4R

FIRE, RATECSEST AR AR, SBT3 N LR, #1& T —4 RPP
L5 H) BAMA.PbBran MO R M % BB T B LM R K
BAMA . 1Pb,Brsen BB HR A LA & 4 £ 250 7% 10 n (80000 — 4 K™ D
Hi% ER TN, AAEREHHEENENA TR, TS » 8
T B TR KR B MR £ R B SR 0TS m R TR, ZERK n (R
UL F SRR T RN RS, RS0l ASE AROG. BATHE—5 UK
4 B B0k BB (815 1) PDMS MEARE EDBY 77 S 46 11 T HOKSR . vkt
BIREFILE M. FRT I TARFIRFa R B R ~HE 8 124 B T B EHR B T /R 1
M, FADSEBU R A . ¥ A AT BT A T b 2 2 Rt
VEBRBOTFSC, 7 RIT T — 5 16 6T 200 T 2T 90 7 S A B O A 200
FIRIZE R

BARR, AR BTN ALS ST DR & RO AT R T
REMZTEOTIN, K ESENENRUSEERT RS ENEK, &
WU ST 0K 5 s O R RS ERE BORLFE, MAERE SRR T B 4k
R B KRGO R, T R ER, DRIk R T =
YL — ST RO SRRSO T, IR, SGrE T e M
FasE P, DAER 6T (R v R S U (R SRR S B AR 8 1
SR FITE RIS 6 T 2B e

ITEEER, AR H®RT NEENR, KSR FER BRI b
A TIRIFHIRRE . TUESEIAG BT Bt BRI 77 SN e R Bt as . HZ 5
LR A = Re B BBk PO AT RN TR LR CRUR SEILZ BUR S BIAS Bk
T ROCEL R AR RANE R . STHLESOLRIA S S0 BUE R 58 2 S
RAHBOLHI e & F. EHE, AYLLHIRLSRT MR A S BRE RFRE
R MEAIE S VR, BRILE, X TS ERE A RR USRI AR Ot B — N EE M
H7 A2 B R,

B T BE— B IRABT A HLICHLAALES B AR B B 72 06 LAk B8 7 T O R A
LSk . —ANEREERRER AV RSSERY MR ETE, —HLA85EY
MRUR RAFALR BB . B, TR NE R ER LA BRI A ER

86



Hem RYEERE

U, BEEA B RAE M KA R R SSRGS AR P M K
FE AN B RV WO A RS AL

87





