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SRR Sk KRR ORI RS, TSI BN B KBS R4
BT, ZnO. GaN. InP 235 phgf ko Kyl (RN B 9 b S B 25 A 3 £
PR RaOR 2, 7. RBE ROt SRS S B ) I B F AT
AT, SRR RRE T AR R A RESTR A RCRIE S, B TR r
BRI A RIS AN, ot e 0L 2, BLRAET Q ME, BOLEE
P iR, Bk, RIBHT BRI R SEARIATE . BUFTHT R & TR R
B i 2 S S o R PR S MO 0568 . SO THLEBEEH CsPbXs
(X=CLBr, 1) BB AFIAT I, BT CVD % MR EIRTY CsPbXs FE5kH 1
B, SSEAT B SR S, R EOC S . TR, Bk
I 4 RATFA T SR EX BTG CsPbXs FEALH™ Ul o B R BOR T B RO,
BT R AT |

D FEARBUN. A RTTTERRE CsPbXs BRBE AT 5%
ACET [ HENES CVD &%, QIFTSHLT ~1-10 pm BRI CsPbX; F54k5"
M BT % . RAFTA T BRI ASERT R BB & B, RBHREE (400-
650C) « EFMLE (412 cm)  RMAFE (30-60 min) « ZEWHLE] (1:1,
21, 3:1) REASEE (1.4-24Lh) SFERRLSRI0BM, BB
MR EREEERN: RNEE~600C; ERIELS Pbh: Csl=2:1, BHFALE 8
om; SRR E] 30-40 min; ERAETE 2.0 Lh, HPRBETTl. AR RE R4
HMEEEK, TIPSR RIS, TR . KB E BRI FI R
RSB .

2) CsPbXs F54kH BRI S Y F R R B S M BOR RS T . 85 844
5k RAHT S T 4G AR MR 06 R SR, 400 nm KRR FERA
CsPbBr; 4R BRI SEBL T m AR (Q~6100). A (8)~0.09 nm).
EBIE (Pr042 Wiem?®) BAHOCHE . FJE, RAWRTHRREERT. B
BE . TR T SO P A RO T, XS ELEOR OB, R
17T A EITIAT CsPOXs F56LH M EME, BRI T BT LK & &R
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Abstract

"Abstract

Microcavity as optical resonator at nanoscale can modulate spontaneous and
stimulated emission. Nanolasers can be developed using the micro/nanostructures of
7Zn0, GaN, InP both as microcavity and gain medium, which has widely applications
in photonic integration, optical communication and laser display. However, constrained
by microcavity quality, gain medium and spontaneous emission coupling efficiency, the
realization of single-mode lasing is still a great challenge, most reported microcavity
lasing just exhibit ml_lltimode structure, poor monochromaticity, low lasing quality
factor, high lasing threshold. Therefore, developing new semiconductor nanostructures
with high optical gain and innovatively designing and preparing new microcavity
structure is the key factor to realize high quality single-mode laser. In this paper, high
quality CsPbX3 (X# Cl, Br, I) perovskite microspheres were prepared by chemical
vapor deposition, then widely tunable single-mode lasers covering the visible region
with high quality factor, narrow lasing linewidth, low lasing threshold have been made
in CsPbX3 spherical microcavity. Also the effects of microcavity size, pulse duration,
experimental temperature on the performance of single-mode lasing have been
systematically studied practically and theoretically. The detailed information is listed
out as follows:

1) The controllable preparation of CsPbX3 spherical microcavity with regularly
structure, smooth surface and tunable size. The controllable preparation of ~1-10 um
spherical CsPbX3 perovskite microcavity has been innovatively realized in home-built
chemical vapor deposition system. The effects of reaction temperature (400-6507C),
silicon position (4-12 cm), reaction time (30-60 min), the ratio of source material (1:1,
2:1, 3:1) and gas flowing rate (1.4-2.4 L/h) on the morphology and size of as-synthesize
samples have been systematically studied. We find that the reaction time and gas
flowing rate have less influence on morphology, but determine their density; the shape
is mainly determined by reaction temperature, silicon position and source ratio; thus
the best condition for spherical nanostructure is as follows: reaction temperature

~600°C, silicon position ~8 cm, reaction time 30-40 min, the ratio of source material

311



EEERT BRI G PO 7 R AR UK RO I

~2:1 and gas flowing rate 2.0 L/h

2) Single-photon excitation single-mode lasing obtained in CsPbX3 perovskite
spherical microcavity. The photoemission properties of perovskite microspheres have
been studied by micro-photoluminescence system, high quality (Q~6100) single-mode
lasing with high monochromaticity (8A~0.09 nm), low lasing threshold (Prv~0.42
nJ/cm?) was realized in CsPbBr3 spherical microcavity under 400 nm femosecond laser
excitaion. Also the influence of microcavity size, experimental temperature, pulse
duration on the property of single-mode lasing and the lifetime and output stability of
single-mode lasing have been characterized. The widely tunable single-mode lasing
covering the visible region was first realized through halide substitution of CsPbXs.

3) Two-photon excitation single-mode lasing with ultra-high quality factor
achieved in CsPbXs perovskite spherical microcavity. Two-photon excited
photoluminescence has been observed in CsPbBr3 microcavity under 800 nm
femtosecond excitation, demonstrating the two-photon absorption inside the sphere.
Based on its superior two-photon absorption coefficient, ultra-high quality (Q~1.5x1 0%
single-mode lasing with muéh narrower linewidth (8A~0.037 nm), low lasing threshold
(P1i~203.7 w/cm?) has been made in CsPbBr3 spherical microcavity. Also the
tunability of ultra-high quality (Q>10%) single-mode lasing from 533-543 nm has been
verified through cavity size modulation. Due to the regularly structure and smooth
surface of spherical microcavity, single-mode lasing with similar property has been
recorded at any angle between -30° and 30° by angle-resolved photoluminescence.
Much higher quality single-mode lasing (Q~3x10*) with narrower lasing linewidth
(8%~0.0177 nm) has been demonstrated at low temperature, and its abnormal shift of
resonator wavelength has been recorded.

Thus, the property of single lasing in CsPbX3 has been studied experimentally
and theoretically, high quality, narrow linewidth, low threshold single-mode lasing
covering the whole visible region has been first realized in CsPbX3 perovskite
microcavity. Ultra-high quality single-mode lasing with much narrower linewidth has
been demonstrated in CsPbBr3 spherical microcavity due to its superior two-absorption

property. This work provide solid foundation for high quality single-mode lasing with
v
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widely tunability, and new path to design and synthesize high quality semiconductor

microcavity.

Key Words: Single-Mode Lasing, Spherical Microcavity, Perovskite, Single-Photon

Excitation, Two-Photon Excitaiton
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. 1916 4, ETHAETRRLEFHEE, Einstein HREHZEEHEL,
2 T EOE A BRI, Binstein 18 H BT ABASRIT RSN BT FE
PR TR B RIS (Spontaneous Emission) 532 EEES (Stimulated
Emission). Z7EHEREF, BFRZIRAEM, BB IETRBES, W
Wz NE KRR . BKEN TR RZENN, MEZREERR,
W R AR E AR ET B KBS . HFRTIRCERESKERET I E
BRI, EREA AR ETERC T, MR NSRS, XhE
5t H 896 T2 B BOAE AL AL 38 5 A R . 1940 45, Edward Mills Purcell X3 T B
REESHIOBTRMRL, KR E R —EANEREHRAZIFERNETETE
Y. 1946 4E Purcell KB W IHRBLF RIS R E N R TR B B ER, L
HEE SRR S g A B IR, RFERESEEEREE, ey
Purcell (R, Purcell SR H KRS —ZEE T SHE MBS ERNSERP.
1948 4E Charles Towns 1 Arthur Schawlow 12 B TR A, fEHBOL
L EEIZFEEB, 1960 £ Theodore Maiman JEIHHF il H 5 — WAL E A BOL,
B EARAK R R BHZHRINS B EEEY. 2001 £ Huang FAFE—
TAE SRR TS T BB Msr Al BZEH, MRARE
ZnO. GaN. GaAs. CdS ZZ ¥ SEMEECHB A DIRE T RIH#HD, &
FREEMII IO PR R IE ok, kL. gk, gokEEled. BHE, BT
TR 0 R e AR 4 2 R R, R T B A MR R RO R
—ANEREIBkER . S NN A B R 2 —, TR OLRR R
BN R A AR S YR A EAEH , AR 2 B R AU 42 B th D938 3 A A
F. Hi, RIEHA SRR SRR Kol & 57 B Ui 45 4 B S DL
HR R T RO G R OR B
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1.1 Bk

e 5 5 A LA BB SR T WO =4, LR R BRI IR
1917 4, Einstein %% Planck 455 & F /L {5 % & Bohr BT EHE T HBERMEK
TR TS, PR TREORER: 8RB REH.
1960 4E Theodore Maiman 7£ 35 2 I F 4k S /0 AR IVBTAI T B —R#OE, RE
WA BO R R B2 R IR AE T FEEY. 4 HOCBHENA b, P
WA R A RR T, AEETRA TR 6T ER . R 1916 F
Einstein 32 H 28RS, e 5WRMEERLRRFESNRERRNE
R ERES . SRS RTEORE, mE L1 R, HRTHREESR
ZHRTH, GREFHETERES, NrERES] WE Lla iz FHE
FERE A R A B R B B R AT B TR LT, AR
SucEg, mE 1.1b Frr: SERETE (F 2R, i Lic for.
& B EE S TR AR T R BENL, AREZEEER, 0. MR XK
B R LA SRR T B R AE SRR SR AT e T W R AR AR #E T A
, AEEHTYE. SORRMTHR, Fit, ROk EE BT SRR

U SR

a E, D - E, C E,
. h hy hv
hv=FE,-E, /\/\;‘~ AVAVe AN
V-
El y El El

B 1.1 L5MEERYIETRE 8RB bZEEN: <RI
Figure 1.1 Schematic illustration of three interation processes of light with matter: a. Spontaneous
emission; b. Stimulated emission; c. Absorption.

I 1.2a. b FRNRENR P EBODEREE, KRENSEZRES
SRR . SRR TR RN, B LI BU P AR IR
SBERE BT BAMN R, MFEEN KT R MRECI R, BRI
mEE, HERETREOEHRE . ME 1.2 FETEMR P ERIER, Bt
RNy, VIHASCERN , AEREE 2 AARTREEN L, MRS ERRENRR
ARAN:
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1) = 1O)exp[(Np — - N)Buf() - ]

Her, Ny A Ny 2 5AKEES B %ﬂ%—ﬁﬁjﬁ En FRORITEEE; Bu NZEEEHNE
FEE AR o g 2 BIAREES B AR B MO UL,

|—» ——]
— — »
— — — — I I
S ’ — —_— —b —
— —— |—> — >
—— —_— —_— —
l— — —_—
e —

& 1.2 SEMRTHERE a BRI T ZEEES: b MRS AT ZHRIG bt
MR EE
Figure 1.2 The process of light proparation inside matter: a. Stimulated absorption>stimulated
emission; b. Stimulated emission>stimulated absorption; c. Schematic illustration of light
proparation.

BEYRLTHRFEREST, BTES RN REEEE, RN T
T FREHKEN Nw/gn<Ny/g1, T
(N, — %Nl)Bhlf(v) % hv < 0

FEt, BEELERCRE IR EEZEENT AT 2R IOERE,
WEITHATERS, FORLTFRTFERBRE LS B R THEREKTT
BE7S Ei B Nw/go>Ny/glt 2 S0 FRFHUR RS BN AR Z 8 2 1 5% « TR,
R A B ER RS RAE SR, RSN REREEER TR TR AR
AT RN O Bk

BhAk, BOLEIFE AR B IR M T B, WATR, WO R OB A
AERES HTERRAES: BREFIZHESEN. WRERENSES, I
REEFARAEHTHEE. Fib, &FEPERCURREHZ KOG E 28
BEERE XS, RFEAF IR J6aE IR AT SEBLE & A BT H
PRI IIRR, I BRI R RMEOCRIERS, REATHER.

WO AN =B RN Bl TEMRESCEEIRE . ASCHT TR 9K
BT RIS TARYIRR R e iR A, SRR A 979 400 nm BX 800 nm 1
Kbt
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1.2 FFRE

Jeepps B R~F AN RS T e K B HOLSEIRES, TR IR EIBR/N
2518 PO DL RS S R O ELVE A . S 1.3 B, T S Rl E F £ B
FERHLE: SRR AL, A6 E-F1% (Febry-Pérot, FP) HiEAIE
3= B¥(Whispering-Gallery-Mode, WGM)R s 3 2 5 T 518 S 5 SR SE X e I BR 5
R FP AR P & S I R ST SR SE IR S B RR R, T0 WGM iU
FIF RS i AT S R RS, Z2F4mAKRE (Distributed Feedback,
DFB) 445 J% 3¢ T &4 4% (Photonic Crystal, PhC) s8R 5 T 1 R 5 AR
FE B RSB G RO, DFB it A W14 M e BURR e G K R
B VR, T PhC 5 5ot B B 4 g PR S5k PR A SE SR B e FE 4530

E%E 13 FRZEEE a. F-P 5 b. WGM #E; c. DBR #l¢; d. PhC U
Figure 1.3 Different type of microcavities: a. Fabry-Pérot microcavity; b. Whispering-Gallery-
Mode microcavity; c. Distributed Feedback microcavity; d. Photonic Crystal.
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Qo'=Qrad ' +Qumat " +Qsca +Qeont! (1-2)
Hep Qo B AMBEMAMERFET: Qui' RAEMHER, ERSHENEENY
SHE R Qma BREMEAZHERBGEROTIR: Q! BEUHHK, TEXM
PEREEREE N Qeon & MM REAKKEEREME TR AI, O
SR B PN R F B KR SRR AR SR U B A Purcell [ F

_ 42 Q
P 3112 n3 Veff (1_3)

HoA e RIMEREIREK: n RRABRFEHE: Q RUMENGRET: VR
B AR s RRET Q M, BRUER Vi, MEARTEX
EEHE R SGRIAE, Fp K,

FP (A B B Y, B P TAT W R B AL ELRE R W2 (6
BRI, HEAESH P H Charles Fabry Al Alfred Pérot 7E 1899 FFiH, fE¥
Sk FP Mt EF DBR £HMRE REEHE FP 8. 1992 48 Arakawa i}
BAT RN R GaAs/GaAlAs F FHEF M+ H X WEH T E2 Rabi 75
%, RBETHET5XHZ AKEESERAI. 1996 4F Rivera SREFAM A RE
F 5 FIRANE R S ZIE A B GaAs/AlAs FTEE SEEL T X InAs RO K
IR, 2001 4, HIEREEEE REH SR ZnO JUKLIED FP s ER
WSZIL T MO, Zn0 KLk RIBS VB3 58 A B e 2 1R I 8 A Bl
2005 £F Lieber YA A 513 FA 4L S SR TR & BB GaN 9KE AR FP ik
FERISEEL T A, HEERESPUREKBUR LR R, B BIEMNA
22 kW/em?®l, 2007 £ Fukui BRARA A 7 A GaAs 7NTUTBGUKEAED FP 4
ESIL T X H R4 iR,

1912 4E, Lord Rayleigh FFAEZRE KEE A B EABNEN KAEEHE
KA — EABRRE PR B, i pPE A B AR (4 N\t e W B4k 2[R ARy Xef
FHE2, EERATEEESHMNRERN T, AR RAEAHREERR
HAETE, TR ARG SN “ BB R SR 8 WGM . i, =
BEPAEAE TR P B RS WGM B3l 2004 4 Grundmann SREH BT
RTEBANIAFLEE N Zn0 FRRE P MR T WOM BRI, HEmH TH
IR WK R RIS 22, 2005 4 Bloch WA RIHT A R MEEZR A GaAs
ETARNEE WOM R iR 4 1E A 5301 Rabi 23 RIRP4.2006 £ Park

5



ST BRI P 7 L R SR RO T

S R B 2L TS MBI & 1 ZnO 4KATSEBL WOM M Botiofit, HROLRE
3917 MW/em?, $e3FI& AU 0.08 nm, AHREBOLE A BT Q~490071,
2008 4 Shen IEBAF AR Zn0O iK% WOM BB EENER T =& T
TOHE & A SRR A R AR L R

S B 1 S B T 90 B 25 2 5 AR R B 25 DA T R A R B R 3 K R 7 R T
R R, A& Ak TR R B BT RAE R b B TR
| % 5 R ALFE I TR IR 205, KR BRI T B B R E R E A AR RS
e FT Rk R & . BT B RIS R R L SURPTBE (Chemical
Vapor Deposition, CVD) FWAiES, 8 T LHEKEES, 5 € /9N EE
RN R EERBE KORE. SE. BES, WHRREREPRED,
5 RV R E, WGM B B 8 R R R R, ROREE SIS
Ft WGOM i S B RBL AU, BT WOM SURRT AR il £ Z s
R4 RESCIL, F, WGM MR REEFE EE bk, EREk
T PO B R I KRR . BT WGM SRS AR S R B, — RPUAHIRHY
PRI, RN SR AL MR REB BT A K.

1.3 TR

SR o S KA R B T I 5 IR, RERBHEE IR AT R
EH, B E BRI, SR T R, — BRI
%&%%ﬂﬁ%ﬁoﬁ%ﬁ%%@%%%ﬁ%%%%&%i—,ﬁ%ﬁﬂ%%%
LR SRR B R 2 B A L, 462 AR P S O B, FE
M PR ST AR 1 o 2 S PR AK S H IR (98 380 R B 2 s P 7
BG4 NE R, TR SBA RO B S UAA
b O 8 P 52

1980 45, TP HR SRR 340 thEL S — YO RO BRI R < 4/ B
SRR LR, B 1990 4542 45 AR ROt T O 2 S0 HL B TR
SR R TR, R, T DU Ao aR ) & 2 ESRA LT F
R TR R R AR ORI R . 3 2001 A
o2 AL VR Zn0 A1 4k PP BB SKEL AR, BT
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$8. M. RTHE Sk R EE ZnO. GaN. GaAs. CdS. InP Filid H
T 77 B % R0, (B2, ZRT MR RS, BaTRE
X ZnO- GaN F GaAs ZMEHOLM B O R AKX Z BER L B HBOLHE
R FRETHEAE (Q~650-3600), BOLHIEEIE (5L BE, MAWLETH
R RO O — BLR — AN BRI B« SR M R RO e A A
Sk —, ARERIREIZERS 25 R 2 A DB 59 R ORI AR, BRAM KR Z R
(RIS A Bt R HE S A (B . HR4E Schawlow-Towns WOt & B8, MEEOL
A L B R e SR R R T S e s 1 R R T R s B i, S L
B Q FESME AN ENERTRSEME. FHik, REHE=HEEK
PO, AT R 81 45 T R s 4 M R SE TR o 8 TR BB B B L R R

SEERE MR R JUAE LI B B 2 Bk, AT X B R R A
R IRIE 500 nm I BN AT SEHLR AT ORI K FROG AR BH3T, eiiat 5
ST R, S B AR T A O e B K T R BB R S R A A S BRI
SR MR R R KRR . Bt TEIRIE MAPbL £54kE R Y Atk
3 3200 cm!, XANJLTFS GaAs B EHIEHERA Y, HBET XS ELSEMEIE
SESSLT. Bab, BT, HEHEASIIEE, HEREARNIET &R
k. B, BEEMNBPMER S, FELBRRE R . SR AR
MR R RN T JTE A B B A I R R R «  Th  25 5 R AT
M, BWORBLIFEAE, YR SRR I A R ORI AR . PR SRR B (E
RS, MAPbIs SRERIZK S IOHONHE SIS 252 BIIAH] 250, 120 om?, ol
CsPbBrs GUKAT R M 25365 450 cm?, RASHT MR AT R®EN. 5
SR A T B 2 T L ZE O TSR LA K I 8 i 9 78401,

AL SURTT TS AR Sk R £ B R ABX: MM HL-THRIR
STHFAL, TIANGREREIRS . kg, BT RS, 2014 4,
R BRI AE RS CHNHPOX; F54kH MBS NI SEIL T M a8t
B WS 3 4E, BEBARIRAIRIE T CHNHPbXs UKL RIE. CsPbXs M4k
T, @AY RS T W, TREEH Y, Tl TREMER
ik, WOGHHMEA RIS LN, HEOCBIE B P11 wem?, BOEMH
BTG Q~4051241, 2015 4, (T4 R AIH A RERE AR ET
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4 T BRR RS PO 150 R K BOE B AT

CHsNHsPbBrs TG40k B4k s, BEMER A P54 pl/em® 49K BOLH
g EREH TR (2.0x2.0x0.6pum®) BABICERALSEEN, FEHET
EHL- TS AT (R R B R B TARAE Q~507H4, 2015 4, SRR NIRE
Y TR A RO R CHaNH:PbXs S50 9Kk, 76 CH3NH:PbXs sk
T &R Q~3600. {ERIE Pri600 nl/em® H EIRBOCHI H, FHIBATE 500-
800 nm LA EHIHEST, 2016 FHERIRBASE N E RFIHETH CsPbX; 75
SRRl S T SR TV 0 S RO, HOBOE B Prr 10 pl/em?
WO RRET Q ~100046, 2017 4FERZERBAM A LT KT RMLN
SEELT CsPbXs SR M AOBET IS, KoM iR A TR = 2] Q~2450-3500,
T ok E RS, TESHTEERELIZERT, REZNLKARHT
ST B R O R A4, AT R T A P RO O AR EAPORSE, — R
LB T A S R B OK [ RIESTILZ . 2015 4F Maksym V. Kovalenko ¥REl41
T HARSE T A TN CsPbBrs 45k BT S M B REHTHKIS: 2016 FHDUR
{5541 R B CsPbBrs B T 1 A9 E L MR YRR 7E CsPbBrs BT s 3 ER B T I
K G RIES I RMO, — g N BT R R ST (DBR) ST & T A
BTN . 2016 4F M BORBAN E T EHHEKE CsPbBrs BT mAIXE TR
BRTTZ 2.7%106 GM, BTSSRI GE BT RS T R
511, 2017 4F Lih Y. Lin BEAIRE T =R EMEERMGHOLE, PRI
CsPbBrs BT SUE MR, FHEHTF S T ok . BTy RN
MR, JCH RN, MBEOLI R RN TR Q~2500-3600, {HiE,
SIRTFHEBTHE R R, HiHE SR M ot A RS REH, 5
ue[VES A RBEOE R SCIL S R Y, TR LR

14 MRBERMREAE

A 2 SCRR RS OSBRI AT A5 ERH AR e 25 1 R AT 2 2K
e SRR, B, AR AR R R R A SR DL RO (S
ORI . TR, SCIRBOGH B R S AR R, MR A BLOL
BeiE RS AR CsPbXa(X=Cl, Br, 4k 9K HR LA PIFhThfiE: S
AR AT 2R B, B35 09 400 nm 5% 800 nm KPR I - BAR CsPbX3(X=Cl,
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£1E 5

lllg

Br, DENUSALT MRS S A R T EOE I, B, SRR ERER
Ay L 7 R A 0 A 1) LR R AR R 1R RE R S B R R I R S AE S
o, EEFRRERE, #E— ERMREEREFEERL B EREREE. ~AH
CRE. RS TR RRR G E AR, B B TSR R Se B
s R e AR, T SE LR R RO I B

B4, R R R T S AT R A 2B CsPbXa(X=Cl,
Br, 454K 9k R0 %&, BT AR SRS R R SRS, Hink
FLEEE. |E. AKAE., AKER. HARESE, £KRRIN. FREOGHFR
CsPbX3(X=Cl, Br, DB&H PUREM, FERAREH. RS G MR &
#% . K, RA OB AR K ERMILERIERET T BN CsPbX3(X=Cl,
Br, DESERE Gk S R RIS e R ST HEIR,  JUH 2 B OB 2 & o TR 2% il 3
REBEm, thinBER R~ BETE. FEERNRERSE, RERFTEDHERK
CsPbX3(X=Cl, Br, DESEEH WX AR TE R . BT FSMUIREAR, &
B T FARBU « T 608 BOERHR CsPbXs(X=Cl, Br, )85 4kH 41K 454 HUFT 38146
BV REEERE . AKAE, ST 1-20 pm BORFER BIH1& . 7E CsPbBrs Bk
R EEN, BT ERR (~6100) FLHE (~0.09nm). KBE{E (~420 nJ/em?)
MR, TR T RMIIR. BRRS. BESW#MSNER, HEd
FDTD BEib il T H A S A e R KB R 5 5, LR SERF &R
17, B TEYASEE CsPbXa(X=Cl, Br, DI & tLGl, BRI T EEE
ANET B (425-715nm) &SR AEERR . FIRMERET. it ETh
WS ERH™ CsPbBrs R KIXOE FIR MRS, 7E CsPbBrs BORTAR FhscIl T = i
R (~1.5x10%) S BEELidl, & H ool FRME P BotHm R
BE. RSB RGS RE A . AT R S BO T ST B E sk
HISZIG AN IR, MR R #E— D KRS .



SRR BRIR A PO 7 R B KO L

2 B EREEHT BRRNETENE

21 5|8

S A FPRE B 1 B B 2 S D RLE e BB U R K SR RO, I
PR &S B 6 BRI \LED %, L H EAGEA K P BE B M A B SR M 3.81%
KEBTIE] 21%, WUl EE A BB X S AL, S RES AR
B RRERT, BT EAFICEREE, AmEARKRE (~10° em™, KEK
FAEEE (~15meV), NIFFERAE (<20meV), KEFTH HKE (~100 nm-
mmm,%%%Fﬁ(MMwaoﬁ%ﬁﬁ%ﬁﬁ%ﬁﬁﬁﬂﬂ&ﬁ@ﬁﬁ%
W BH B L.

E 2.1 GEHKE SRS a. SLTHISSEET ABX: SELHIE: b, =4 ABX; SFMrERE;
c. "4 AMX ERER
Figure 2.1 Crystalline structure of lead halide perovskites: a. Schematic of crystalline structure of
ABX; perovskites; b. Crystalline structure of three-dimensional ABX;3 perovskites; c. Schmeatic
of two-dimensional A,MXj4 perovskites.

AR — R Te B K ABO; AP, BIEETE 2 FhESERT
Bk, HRALEREREE 2 A W 2.1a P BB TR L
A, M AT X TEEA BT &I\, b RIEG. [MXd"\EFETRE M
B AR 6 A X TEMM, HEREMXMTHRNI AR, A TR
T ARG LRI ORI B, AL M. X JRFEATEARET BURFFS
S, A —REENER, HRTIRRTRENKE, MRRELEE, b
mMN,m&ﬁﬂﬁ%ZE%%@iuﬁﬁﬁ,ﬂ%ﬁﬁ%%%%%ﬁﬂu%
%%AM&mﬂmmmﬁmammﬂ?%ﬁmxwmmn,m@zwﬁﬁo
%%%&Ewﬁ&,mcmﬁmMﬁ@xyﬂ§%E%%W%mm§wﬁ¥
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%2 E BREBAKY RRBETENE

LW 5 [MXe) ™ \EATE B E 2.1c B =BReEM, HRSST 4
MBI ERFTRA AMXs, EEER S EREMEY, BT HHATTHLEEE
MEEREINLBKR, BTRESXETESCHERESSE—RIFEREE \HHE
BIREEHWE, Bl EA K TR, RSy MeEs 5% aEH
FARBREBOL S S M IUEE & B R AT R8), thst, S8 seliEEA
— KEHEAT LB W KR X RIETHOEK, Y-S5+
$} CH;NH3PbX; & G K BT 7E 390-790 nm SEBL 58 AR H B8, tesbh,
CH:3NH; % #:J9 H;NCHNH, 3 — 359 5 6 K2 2] 820 nm!®. MASnIs HI5%
RETEABLE 900 nm 4, FAEEEARE, Ml ZEIBIFEE
&L,

H AW A RS SR 9K B 3 B 4 9P R RN HL-TE LA A e 2 LA R
B, ETHUESED #E CsPbXs (X=Cl, Br, I) ZERFEAN-TIR ST R R0t
HE M R A RN IR B T O PR R AR S8 A . SL U5 A CsPbXs B ARSI E] 2.1a s,
Cs fIF [PbXe]* /\E&EIRE, TEHLEGEEE CsPbXs KB Z it Pb Al X HI
J\EARTE, BrUlEid S s R A L AR 5 SR EHIAS 4 CsPbXs IR
S, FHEZEANTAEEXS, SIS MK CsPbXs (X=Cl, Br, 1)
SARERREE 2IAR G, =RHE CsPbXs (>400 K) kB LINLIIT 4
MR EEE. ERERIEES CPbX; mfhSRAERRIMHEE, HEEE
A 8 CsPbCls fR A 7E 47°C HALTT f RENIETT f R, FE 2 CHEU AR TR R,
FHERALE 37 CEREFAH RIS, FRE CsPoBrs &40 A7E 130 A 88 CA
SR EIES BRI &AM, ETRSREY, HBERARFHEASSL, 3
F CsPbls ki, HIE328CLBLTRABRZAMTRR, FHit, £ERET
BEATRFER, PEEHFEMRIRTELFRAERR R,

AERTHEREKN CVD R4, QIFAEGIE T RN . REEHEIER
WREGERT i, WAL T RMRAE . BB, REATE ZBRE G REEE
S #hil e SR TSR B RSH B . 85T CVD AT % T ~1 um FIERIREERT 0K
M, U R NHR B KA B AT HIE~10 pm FIERCIRESEET 9k G . Ffi®
8 R B ST AR R AL R R BRI . RIEDEI . RiELSREL, WLMEA
BRI ERR WOM TR (A 8 B G REF 78 T B4 CsPbXs TBRINTE,
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S AR ERIR B PO 7 B R R AR GR RO AL

Hos R Ve e TR, R AT K T B B A LEX 209 3 2 N 8
A& RIFRS R EER .

22 LW E

2.2.1 HKHPHERE

A CsPbX LT ERR G B 4 3955 (L 3 R PUR (CVD) %
gL, A AR AR KA. RARERE KN ESRREAAEL
RS, RTEEEkT RS B & . FIRE A KSR S MBI T
BbERY, SR RIS, A IS TIEEME A B R ASE CVD R4 W
00 iR, KEATEHSHAMR, LOAERERIHATRT, PRER
R R RN BT A R B AT I S R ARG SR B R
Sy L Hg STt AR R R, B SK-412. FFAKF S S 1000 mm 4P,
YA/ 60 mm, ECINHGEE S EkE 1200C, FHEEH AE] 10-20°C/min.

E#% 22 BEEBNET CVDRE
Figure 2.2 Schematic of home-built CVD system.

2.2.2 KM BFIERE

1. PFETEMER

14 F B 845 (Scanning Electron Microscope, SEM) FARERTHRSH
%%EZ@*EEYE%Mﬁﬁ&ﬁ%’%ﬁiﬁﬁﬁxﬁﬁﬁiﬁﬁ?ﬁgﬁi%, HE P
KA k~1 nm. FBERTREH HET RAMREERSESRES, FITlE

12



%25 RRESKT KRR EE

BB R E ST AR RS REESAERE R . Af B 7 EME 5L (EDS)
B¢ T ST %o L SR T A X AT AL R A R TSR S M S5 T IR SR, TEE 3
ML e, WE. gekERSE L Sk ZiEA. |

AHESE GRS BAAREAELRL, BBETRETRTRSHEAA
AEEERTFHMAEER. BERETHREENSRE T IREHINERRE, 5F
SRR T TSR R AR B R, ESHYEES,
I —RET, REBERET, TENMERET, FEX 4%, AEEERGEER
FIFEHE X H4&. TEEEZKRET. ZRETFRMESE IR S B ENRE
ME, —HETESEFERFETHEARE, B, AREENTRARATUS
SPERAE, EPERRTHSBEERETUAT 1 mm. BEHBRTESKET
P Y SRR BT, DR, B BT B TRV R RAR T s T R ;341
T B R T A AR R RN T B R F R BB B TR SIS X
SR —F M. RRHE X SHERIEHF=4E R TR A B BT 8B T R B ™
AR R RS B T RN BRI AL, HERATEERE. B X HLsEH
TERMAFTRE, MTFEAETRE X $H4E. FE X HLREHTUERRAT
EMARMSE. ATREORTRIEEWENE, B, SHafENRIEERR
IRIFRIRIRTE, ARTF =425 8 R SRS

X Gk g B4 B (Y (Energy Dispersive X-ray Spectrometer, EDS) fR#RfE
Wy, EEERMAERETREEERTEMX R — R, BUKHER
P& LR IRHE X 5148, ARITCRMEEHE B CHRRHE X Hk, SR
FX — S SR B T I« BEBE A S R B ARG &, P LASEIUR R SR DU 45 4
SRSy . BETUERIIT . BRI T REBA =H, s L
Hi#, BRI R AR TS B M X e R BEELEmERN, #retisd

B0, BT AREES. &E8E LR mERL.

WE 2.3 fims, A3 SEM FALHMEH Carl Zeiss(fEE)Auriga =7 HEEY
REFHETEME, HHETRERS. AMER. BSHNAHRKRSE. &
FRGURBERASHR. RAGHRHETR, BOUEH 300-1000000 5, 0
BHLEA 15 kV BREEA PR~ nm. FHEERLNEA RIFSEME, AR
SEMEER R TSR B WM B RS B AR RS R A RER

o
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SR BRR R PO 78 BRSO B L

W, BTFREHTRGEELR. BIKE; RREESRETABERER: £YF
o T AR AL

E% 23 HFHESYE

Figure 2.3 Picture of scanning electron microscope equipped with energy dispersive X-ray

Spectrometer

2. BHETEME

e TR R R, BFHAOMRS, HARABIRR N, e
T, 24 B T2 R S o 3B 5T F T B2 484 (Transmission Electron Microscope
TEM) B2 P 2 7 RE 5 10 i TSR X B b AT R AE . — e T B B
o AN RE A AR T, BUSUR B . — K TEM IEH[E~200 kV 4,
e E AR R AR 100 nm, B4 PEELERE B BUFTE 10 nm LLF . TEM R5E
T AL, AR, BHES EMELRRI%E. BTRASTEERA
A TR, AT RMERINES . AHAOSRABRS. MRS, ¥
R s el B X O R E 0% B 0 R AR A R TR,
B T GBI RS, Mk 4h, TEM B RS . ST RS
AHERG. Uik RSSAEE S REHIERIEZT.

%Eﬁ%?%ﬁ,ﬁ?@ﬁﬁ%ﬁﬁ%&,%?ﬁ%%ﬁﬁ%ﬁmumm,
b, Bk, SAEETRFSELARN, I RRTERTREER,
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F2E mRESHKY RRBETESE

MMERRERHERERER. BTE5RTERSPM: BTrE5RTFZERIEM:
BFS5HEFEREMR. BTHRTREM, FHit, B F5ETFZZAEEEA
AL PR, B e TR AR e /R B S (REF— B0 TT AT 5 A T 2 I R
RAESAPERERE . CUE B R TR R /N E T B 5 R AR AR S R R s M
SIARMEEL, BVERE TG, BTEEE AR, TR TH &N R
BT S BTFREER A BB AR MG, BT R ARG IR
RE5RFFHLMERERNF A RIERE, SESFEERIEN, ik, #£&H—%
RO, TISTRINE BRI T BR . ARG SR TR, eSS
B E LB E TS EETEm, HIEL X SRR E. SERET
SREHT SENNET. HnE 24 FiRELBEASBEMFE, WHMHEE Jd,
LEK R LHEFRESAERD N, HTHRFSEFZRIMMEEERSE TR
5, REFBEENFE AR AIN 20 FEEINNEFH, MATE2HME R RER
PATEAHRIE FPRAS F =4 Aat, Bk, W 2.4 FramiREKEEZE Sy 2dsing,
MR AT ST YRR ZE K B Z A 2R R A K
2d(hkl)sinb=nk  (n=1,2,3---)

Hr, dbk)REB=ZZRKEEAEIE, h, k, 1 NEHEREK. EHRTFLAHIERE
(Electron Diffraction Pattern, EDP) H1, t##RIH AR d(hkl)=AL/R FRilH &
[EIEE, $FEEEET, NEFEK A CH, R ATUMNERBE], A58
OB AR, LN TEM FHIKE.

?]m
W_/
\

R 2.4 RERTHRE
Figure 2.4 Schematic of electron diffraction

AICFTA Y JEOL-2010 4y i iR, &M 200kV. HTEFEH
Fpaiet, SRFRARIGEEMEM, ERAEE LW T B TRMERNETE
HE. Wik, TEM HRERBEURERTFRNFERR, FIMNEERD I
RAGERHRE. FXNTRKEER, TEM SIRETERR, FEGHERE.

H
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AR ERIR B P 8 TR AR R AT

TR, Y SR REE TS . M ARG
sROTE Y B R NEREE FAEERT 2B, #ESE, ZERTERMMLEE
RF4E, 25 TEM MERIT.

2.2.3 BROGEIT RS

IEAETRNEREE

KEPYE400 nmEk800 nm

SHEES0X

) CsPoX §55RH fEK

B s
H% 2.5 HRERGEEE
Figure 2.5 Schematic of confocal micro-photoluminescence system

BRI RERGET I EMARRBEE, MtE RN ERE IR
IS S AT M AT A RIRE BRI ERRENETFEEELR. BE,
2 B g DA X A (S S oUR, FEREAEME S ST H TR IRAGF
BAATA RSB, BEIOLERERGNLBMR T X, A
éﬁi%%?gﬁig%tﬁﬁ%%‘éi%ﬁ%%ﬂﬁ%iﬂﬂ%ﬁZﬁﬁE‘J%%?Lifﬁ‘m‘ﬁ%E’\J%,ﬁﬁ%
MG, AT ES NIRRT, WEEE 2.5 Fax, 400 nm 2 800 nm i
KRB A R R RN BB B BB RO R EN
1.0~2.0 um B2 FIEPEFT R Lo RER SR SR R R A BT, BT R
SreETeY, I ATRE Bt BMEIEE, M f 2 AME B T TR E
BERE B AR B2 R R R A A AR, HEAZIMES
TR, AL LA B RS S — R, S = SHERA R
FRTE. IR BOLIEIR R IR = A A B I, BT RERGE
SEE AR T AT, EA AR LRI RE, HEAGER R
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%2 E mRESKY R TERE

MBI AR T HEE, HWLURBHEZIS/NE 0.5 pm EAGUREH 15
PrRIRAE .

WE 2.6 FRADS T HEMFOEERAERS, B Libra CHEOESE. HR-
Evolution 726} PHYSIKE KRE& =AML, EEEEEREIE.
50X M EMERLEABELHFRNIE, BEIRER SRR NHAR
Y55, FEHE TR E R ABRBAE . Libra KAPEOLSRESORSB K 800 nm
(EEMFE: 10kHz, Wk3E: ~40 fs), A OPA FJLI 200-2600 nm KB
WEEEH, BA{EH BBO & EREMGHERE 400 nm KERIENBUROLAE
o WHEOLESEEBEINGEN, ZFEE 50X FhEEMBEREN~2-3
um JEBE, AIRFEEUR AR~ pm TR . RIECHE B BS540 TR,
Wb fe. HAMNEITERS PHYSIKE KERAMEHMEAREE (4.0-
450.0K) TFRMESRBOCIT AL, RZIMEEL D RmE AR

BR 2.6 BERRERALHA

Figure 2.6 Picture of confocal micro-photoluminescence system

2.2.4 BDPLESITRG

HE |
EEMNYE AEMEER

ER 2.7 ARHIOCRASY RIREE

Figure 2.7 Picture and schmatic of angle-resolved photoluminescence system
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EEERT BRI I 78 5 B SR RO BT

B 2.7 BiR 5 B S A it R G e RIRIEE . — B BA 2 FRl
B3, — T RSOk IR B B B RIA B B S AE A A I DOL
REHE R, XROTERENES, FEREMEA I, B—FrEER AHER
R G 75 2, S i AR i B ST b £ B SR SE IR B ORI R
BrE, EERBENE 2.7 AEPTR. e BEE M ENE EARERME
TETHARRAENRIERIES, EEME FrE R THAEER RG]
S OBRAE AL, MNTTTSEILARE AN R A BE SR 5 M E, FEFEM 28 18 B
S RE, PR KRR . ARSI RSB Sk 50X, X R AT YL AR 2 AT
B R £ B S -300-30°; B (X! S Horiba iHRS50, £1<: 750 mm, A&
600 lines/mm JEHIRT VA1 CCD RN #2(256 x 1024 pixel).

23 RS}

2.3.1 FEERR BRI AT RIS

B 2.8 HEHEE CVD RErEH
Figure 2.8 Schmatic of home-built CVD system

AFHL CsPbXs(X=CL, Br, ) £54EH BRI B &0 3R W 2.8 Fs
HOIR CsPbXs A5 AL gk b RHI S & 338 B EHEMES CVD REUEAT. P
A eI 25 5 Sigma ELEAMSE, 7E AP RE R BATARAT AL EE . U AR
PR R TR K ZERAEY 3 min, THRMENTFRAMEIRES: I
FRAYE, HEEE 3 min, THRENTERAERBBRN; FRERTIRRER
.4 2:1 PbXs (X=Cl, Br, 1D H1CsX (X=Cl, Br, D #K~0.15 g 2 HIBAHA %
FRIERNERE, HREBANERPATEES, HP CsX MR TREE L
IRIX, PoXo By frF ERA, FERATE0~3-6 cm. ME 2.8 fi, =41
emX 1.4 cm HEEEABONVERSN TR AERERES, BEPHOE
8 em. B AR R EATFOUKEERPEHEE LR, R RHERRE A
FHE, HAFEMAS S min, IBEANEA N HHEEAES, KERT NRE
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28 SRESKT BRREIETEHE

% 1.6-22 L/h {E RS, BIPBEPIEFZE 550~650°C (CsPbls. CsPbBrs & CsPbCls
ﬁ%ﬁ%&mﬁﬁﬁ%%%mt\4mtﬁ~ﬁmn,ﬁﬁ&ﬂmymmm;&
RISERE, EILEA Ny, HIAAREE, SR ERRNEIEE, JULTRA,
ﬂﬁim%%%w%cwwMX£uxnﬁ%ﬁﬁo&%bﬁﬁ#%%ﬂ%é,
CsPbBrs BRIRFE R A E 1, CsPbClL BRRBER NE

Fs W EkR HEAMNE RPEBE KREEE SUOEE SRWE
1 21 HEER 8 cm 400 30 min 20Lh  RMNIEE
2 21 EEA 8 cm 450 30 min 20LMh RMBE
3 2:1  ER 8 cm 500 30 min 20Lh  RMRE
4 2:1  EER 8 cm 550 30 min 20Lh RMNEE
5 2.1 HR 8 cm 600 30 min 20Lh  RMERE
6 2:1  EER 8cm 650 30 min 20Lh RMNIEE
7 2:1  ER 4 cm 600 30 min 2.0L/h BB
8 2:1  EER 6cm 600 30min  20Lh  EFMUE
9 21 R 10 cm 600 30 min 2.0L/h ERfE
10 211 EEA 12 cm 600 30 min 20Lh EANE
11 2:1  ER 8 cm 600 40 min 2.0L/Mh RN [8]
12 21 EER 8ecm 600 50min ~ 20Lh  RBEE
13 21 EH 8 cm 600 60 min 20L/ JR S (8]
14 1:1  EA 8 cm 600 30 min 20Lm BRI
15 31 EA 8 cm 600 30 min 20L/h R
16 21 EF  8em 600 30min 14Lh  BRAEE
17 21 EEA 8 cm 600 30 min 1L.6L/h  HREX
18 21 EEA 8 cm 600 30 min 1.8L/h  FHAEE
19 21 EA 8 cm 600 30 min 22L/M %Ji’—:uﬁiz
20 21 EEA 8 cm 600 30 min 24LMm  HREZE

B 2.9 &FhSE CVD Bl & B8

Table 2.9 The influence of different parameters on synthesized samples

thAh, HEIRFY CsPOL: 54T B MBI R IR, RNERE. ERAE. R
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5 R ERR B P R SRR KO T A

R 3R R S R R K TS CsPbls RERBIR BRI RiFski
s FERR, RAET: SHNERPIRE. EAE. RRIE. ERIRLL
J&ﬂa* wE, BARSHER 2.9 FUr.

2.3.2 EHT RRGKA BRI T RRIE

400 nm

E£ 2.10 Klﬁl}ir‘mfb“*%ﬂ%m#nuo }ig{mfg‘j] 400°C (a) 450°C (b), 500C (c)s
550°C (d), 600°C ()% 650°C (T CsPbls FEfHIEKIED
Figure 2.10 The synthesized CsPbls samples at different temperature: a. 400°C; b. 450C; c.
500°C; d. 550°C; e. 600°C; f. 650°C

B 2.10 Fr 4 B9 1-6 2 400, 450, 500, 550, 600 B 650°C CsPbl; ¥
RAEKER. RNBERT 550CH, PIBR ZE TR RE F LR A B RE a0 TFAE
7ee22 BT NAEH /DB, RREERREELERD, KEFMBEET
GLHS A . SSRRE 550°C, 8 cm REREF BEMISE RIS M UTAY, ESTE PNEL N
S . A IR . 2SR B T B~600 C I 4% 9 CsPbls #f b ZEA A ERAR, M SEM
E AT LB A BERIR CsPbls FE IS A BITERE A HORTE, BRORAE & KTE AL
19 E T S R TR M S AR AEP T, CsPbl BRELR R E 0.2-1 pm ZEIAEE,
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%28 mRBERY BRI TERE

BN SEIR A AEO R R R IEE A RN . Ak, M CsPbls BROREE S SEM HKE
T4, CsPbls #& BAMWERIRE M K IBRE, EHESMHE WM B, 2%

7 R SR I B R . SRR RIRILE (21D, AKER R, £H
A8 (8cm), KBME (30mind, WAEE (20Lh) EAE, KRMEER
EE~650°C, FEVIREEA _ERBLINE 2.10f FraERR CsPbls #2454 . B SEM EH]
51, K#B4r CsPbls B RAKRRIFHIMBCIRG M, HRTE 10 pum £, X2 H
FREGEERN, HERMRERK, REEKEBRTEX.

B& 2.11 #H 4cm(a), 6cm(b), 10cm(c), 12cm(d); FHSEE24L/h (e ) EHRIE
EbB 3:1 (g), 1:1 (h)AT CsPbls FE S BT K B AL
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Figure 2.11 The synthesized CsPbls samples at different positions: a. 4 cm; b. 6 cm; ¢. 10 cm; d.
12 cm; (e, f) flowing rate at 2.4 L/h; source ratio with 3:1 (g), 1:1 (h)

MK 2.11a. be cv d FiRA8A 7-10 5: BT 4, 6, 10 X 12cm &b
CsPbls B S B AE KB, 6 em & 10 cm ZAEKRERZ AHNETE, AT R R
B8, HEATAIN ARG, BB, 4 om LRER ERIIFF
B2 $ PR R, TR 12 cm A E KR CsPoL HE R EHARFFm, H
B H MR AE, BRERAEIEAR . BAOKY 8 cm A EAEKHT CsPbls
RARE. RERE, BRERASBME. i, —REROMEEREKRTR
Jo; ISR 30-60 min (11-13 £) B, XERIR CsPbl HEMEKFHETY
M. EAGEDE 1424 Lh (16-20 ) BATAEK BRI CsPbly Fef, AEESE
% NN RE R B, RS RIAT 2.4 LM, FIARIIAE 2.11e. £
N EEIREE

S R E LB E 3:1 58 101 IR A B EIECREE S, BRARSHMLEF
REFAETE 3:1 B, BB RORE SIS DA B, S HORBER DI FARAM,
AEEIFA~1 um BRI CsPbls R M B KA . RBHEBE~600'C: #EAIRLL
i Pbly: CsI=2:1, FERRLE 8 cm; JRSIETIE 30-40 min; #SH= 2.0 L/h.

K% 2.12 630 & 650°CI75H~1 um CsPbBrs F1 CsPbCls BRARFE
Figure 2.12 The synthesized ~1 pm CsPbBrs; and CsPbCls sample at 630, 650°C respectively

Y535 % B Pbl, A1 Csl 4 517359 PbBry #1 CsBr B PbCla #l CsCl, %R
S 630 T 650°C, 7E 8 cm YUREEH I EI A AR H AR H AL RN AR
BER . WEHTR 2.12 iR A CsPbBrs R CsPbCly BRRFE G0 SEM B, FTRIK
B1 pm BOREE SIS A BERE A IR, AR TSI BBt .

SR R R, WRERBET T TEM 47, WEETR 213 4
SNERA TEM S, ATUSEEH] CsPbly BE &b BLA X MU ERAR G5, 57
B ER. B4k, MIE 2.13b BN H8E (HETEM) B s skt fnid
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Fhh R R & S SRS G TEAE, W T ECREE RN SR R, HE R
¥ 2.13¢c HAFSZ TiX— & . H CsPbls. CsPbBrs & CsPbCls ERIREE B EDS &

fEE 2.13d. e fHIFEERAEMIGE Cs. Pb REE X M4ty s, Bk
IREEM RPN . R

S nm

CsPbCl

Bk 2.13 BOREE R a. 884> CsPbL BRIRFE G TEM Bl F: b, CsPbls BolR# & HRTEM B
Fs Bl b B FFT B#; d. e. 45109 CsPbls. CsPbBrs. CsPbCh BOIRFEM H EDS JLR
[k
Figure 2.13 Characterizations of cesium lead halide microspheres: a. TEM image of an individual
CsPbls microsphere; High resolution TEM image (b) and the corresponding fast Fourier transform
pattern (¢) from the individual CsPbls microsphere; EDS elemental mapping for CsPbls (d),
CsPbBr; (e), CsPbCl; (f), showing the composition of the microspheres

2.3.3 SRR BRGNS RERAE

Intensity(a.n.)

400 500 600 700 800
Wavelength(nm)

El% 2.14 H/ CsPbCli» CsPbBri. CsPbls BUIRFEM R HE RIKIhER T HENTOE A
Figure 2.14 Photoluminescence spectra of CsPbCls, CsPbBrs, CsPbls microspheres. Inset: PL
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images of CsPbCls, CsPbBr3, and CsPbls microsphere (left to right).

CsPbXs 4 RS ET PHR R EEH R Sk, Kt 45 £ 2 B PbXe '\
A E, 2 Pb5 X AR, FEit, BT R A s B Tu
HEELE CsPbXs 8, FEi6 LBEE 1 TEBHIZH Br & 2 Cl, CsPbXs WrfiZ
wien, EEL KA. BB R AN ERREGHAT RS, BEWE 2.14 Fin
I3, M ZE A IRIKXTRL CsPbCls, CsPbBrs & CsPbls BRI KA 1.
HE B BT AR 427, 527 K 702nm, FUEFESFHI 11, 13, K& 20nm.
t CsPbCls, CsPbBrs J CsPbls 56 &t i K iH B 7T 45 HAlF ER 4T 5104 2.90 eV
235 eV 2 1.77 eV, SZATREMAare, b, T CsPbXs B & A
% B IR 5 Z /N T CsPbXs BT AT, MER Y T ERRTTHLES Y 4
KA 1 2 R R B AR S R PRI, CsPOCls B il FUAC VR Y 355 nm
YRFDEEEE, CsPbBrs J CsPbls i i HIBUR IR 457 nm EELBOLAS. B 2.14
INE R ERARES AT R SRR TR T REMSOEE T, 7E CsPbCls, CsPbBrs &
CsPbls BB 5 25 T AT LA EZ 39 5] . —BUR BRI e im Gt ke, 20 % LI %

24 B&

AEETEFEENES CVD AL, BIHtEH& TRARFN . RiII6H.
RFAME IR CsPoXs 56k 10, FERAM RS &P EFMSH a4
KRB, RSB, HEA A E . R E, R R B R e
RIS R R . B SRR A KA E, TH % 0.2-10 pm BIRRIE
CsPbX; E4EH . @3t SEM & TEM RAE, ESLHl& K CsPbXs BRARGIKES
W, TR, FEOEE. RHEE. SRRERE, E4/FENEARN WM i
s { Y SEEIL S R B LB O R . BT BRI RGBT T EA CsPbXs
BERIHE, B9 R ek SR AT, RATIBAC TR, BRI AR, 2
B & RIFIDCREHER.
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8 3 3 SR RRAEA AL T RRERR SRR

31 88

B BRSO RE S AR BT JOBESSUR A KIS AT
=, H 2001 FE55EFRREBAFER ZnO 9UKEL/E FP AU SEIRG K B0 i A
Sk, HOZEBBAGKME . BOLEA. MBESSISEEMF A E S0, 3
SRmaEOL R B AR SRER. KBRESRER. b, BTEABE0S
R RN T — R E SRR IS R, FIIE W MBS aE st E
&ﬁ:‘:ﬁ‘&}ﬁ% AR TR EEOEH R A B R A8, R, BT 6k
T BB RE RO SR SR 2 RE0E, IF B EM ARG RIS T IR ME
BN ATHOET, BHMaEoess b m gt i i —E R — /N KR
851, 13hy 20 sEd, BFRHENRANT KEN EFRE X E S AREOH T,
BESKEO R A KR RETF, SRR REE . TEER . U, B
BAELKE. mBAMk. KETKESRENRREREIKEDE, B
WEFEETTEFERNAZENR, B2, ATHRZHERENERNH, £RL
FARE R B EM S B R R R T Q Wik Rk, Fik, FLE. &
R R RO 2 SRR — N E Rk .

BHRE, BEECLHEIEEREUT =MFE: HhRESENIKSES
S5 a8 (DBR) A RIREHM (DFB), X&) EEMKET DBR
5 DFB X6 B & S B i R i S A o i 8. B2, DBR B
DFB Z&HMHIE R EREEZ MRS, $ERFEI izéé‘iffﬁ%ﬁﬁ‘cﬂﬁifﬂ
R T IR KREIMERE . shah, BEEOL M KB A9k 45 H9 5 DBR BUDFB 2
W BAS R, XA SRR T E RIEE, B HBEBOt MBI RE. B
F U EEER, SRR RN ST 5T AL TSR B . BT, X Q. Zhang
2 AT 2016 4EL54r CAS GEK T DBR S5 RINSEI T SOk idih, JER
HEEEORRRETARE (Q~1040) B, 5 Foys il A smA L
RS TR 4 BV AR RS SE R SRR ey B B89 E2, e TR B0 B H HE AR 30
AN ABEAER, itk BNES. RS RBEBRERGHSTHE
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S R, PO AR . AN, BIEMRETE, I
fs 2 ) 5E . B O OR BB R R % FE B FLAE & RSN AR XL B A A
8 A 33 A7 7 ST P B T R AR O RO R B IR R R B UL EBR TR L, &
5 — i R/ IME TR I R < SRS SRR ], SRRy AR BT RR T SR
Soi . B, SERME, IFH SO MR R R R R
Y e 5 ELA 28 56 1 B A B, BB B R IR/ NS S R R AT R, TR
s R <Fy /N B — SR AR R AT — e A X [ Y S SRR . T L SFAAE 2015
B T ET Zn0 9K WGM MU RIS BEO A, HAE 4L 1K~600 nm
TR, BARECEIT N ZnO BB RSTEE T BAREOE T, AEREER
B RPN e iR Rk, S SRR R R R (Q-400), BEE
HrE  (50~098nm). Fit, BEFEHRENEMBOLHE, FREMEEN
5] 340 R R U B M R S . B AR R R e T LR e FR M REZE KT
A et AT T B BT, Bl K 8 7 o e i B IR ST AR
R SRR A AT ORI R R M L PE BN O SRR A B KB AL B
BE B, DIEMKT K. FUREL. SURES /NS T B ES R
P S it e LA

HTF CVD #& ME KT SRR, AZMEAHEHIERAT AT A
CsPbXs BURE I B 58 Y R BT HE R . CsPbBrs SRERTEARMAN . REDEH . Rl
AR WGM BB, 7534~ CsPbBrs BOR i BTl T 7 i B goRBo i
0, HEORMERS: BIE Prd420 nlfom?, £R%E $3~0.09 nm. 5T Q~6100 L
TR MAEOEE. BT CsPOXs MR RIR LB T AABK, RS
T 54 OGRS R AR EOE R ATRER .

32 &BR5WiR

3.2.1 $EEAW TRIR TN S AR B R M AR R AE

M 3.1, TEKSHET, 400nm CHEOGIEL 50X YRR A D~
780 nm CsPbBrs ZEELH k2 &, CsPbBrs F4kH HERE MMM . REDEHEZHE
G WGOM s AT BER R Y IR B ERRR (s B, Ho AR RE R = E BN .
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LEEICHIEEE R 5 AR, CsPbBrs S5k HE W AT A~545 nm KIRRE R
BEOE. B 3.1b ALFRE WHOLERTEMRICRGILRN B CsPbBrs 45
ST IR IR, KEERER IR 0.13 W/em? B K 16.02 pl/em?. HE
R B E T EOLRE P i, 0 P~0.13 ul/em?, 7ERIEIeil BREMERR| LA T
~530 nm F B RARST R RIE, R STIEIEE T S0~16.6nm, BEERMREEEX
- (P< 042 pliem?) HWHBREEZEMEN; LAERMEEZXIBOCHE Pm~0.42
wlem? i, 7E B KRB 7O6ET 8 BT S B —RGUNERR I, KB
F~545nm, KETHEE T 2EIR/D §3<0.1 nm, FIHFEELLEIE K M~545 nm K
/NI K T SR AR K, SRR B REE S ROCIE R E . BT A
FWAE T RINER, RIMEETBAEEH KB CsPbBrs K ILIEH d1kE
PLE B KBS e M R & T AR 2 BER T . thsh, FERREA CsPbBrs £5£K
B ER R e BT, EEMETEENBARNER T Mot xbE, 5
EFEFCRERE KK PERE SRR, XU HLE CsPoBrs BHORHUIE Py s Zh LB 1 B AR
BOEHRE . BEEERAEREA, A TRIETHRRFENERNEMN, BER
JeHIEFE M 0.09 HEKE] 0.62 nmP8). 0 3.1b Fion, /DEDSFEBUKEEE P>Pm
IR A B4 CsPbBrs ERAIZ Y s I H AT LB B i WL 82 B AT 8 SR AU A7
75, MR T ZEEEST I 4. BRHRE T BB AT M TR
#~0.5 nm, 3B HE & T AR ERRHT 5 2 AR B AU 0100,

TR R ORI SRV AL B A AR C B R A S e 1 72 A S R AT
M7z —. B 3.1¢ FimJ9iAS CsPbBrs EREI R N K 5T 3RE XS 400 nm ¥
FFREEBKBIC R, MR EEEER AR mE R “S” B4k, Hid L
B EOEER RSB RMELHR S B, FHix@EdE 3.1c iEKBEA
CsPbBrs R ASE £ T SRR, R AE B RITAZ T, CsPbBrs il
BRI R KBS N READ R A E RN =5, B S Mgk
B ELBOLREN Pru~0.42 Wiem?, WHERTAERSHHEBOCHRE. BT

EEHAEE TN .. BRERR TS MBORE R, FitEERTE0EF
5% 5) B BE R R AR & R . X P~0.42 wl/em® T3 B3R EIT VB AR 2490
£, 5 3| HL B RO e 1 58 S04 ~0.09 nm, ARIFFOE SR E TR AR Q=M/8),
A5 3 dh i R F Q~6100.
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B 3.1 B CsPbBrs BRUR B I BAEROEMIR . a i CsPoBr BRRBUE IR R
B, b REZIHALE T % CsPbBrs BURIBS BT A B s . 24> CsPbBrs BRIR B A
BJAERT 400 nm KPP AFMEEE KRB AR, AL NBRE Pr0.42 pliem?;
d.Prn~0.42 pliem? B 36 B AR 2RI, BRI H AR FIE T 6)~0.09 nm, Bt R
F Q~6100
Figure 3.1 Single-mode lasing from an individual CsPbBr3 microsphere: a. Schematic of an
individual CsPbBr; microsphere on silicon substrate pumped by 400 nm laser excitation (~40 fs,
10 kHz). The green circle indicates the light propagation inside the spherical WGM cavity; b.
Excitation power-dependent lasing spectra from one single CsPbBr; microsphere. Inset: PL image
of CsPbBr3 microsphere above lasing threshold; c. Integrated emission intensity as a function of
pump density showing the lasing threshold at ~0.42 WJ cm?; d. Lorentz fitting of a lasing
oscillation mode. The linewidth of the lasing peak (81) is 0.09 nm, corresponding to a Q factor
~6100.

Zy, HTF CVD HI& KFERIN . KM A4 D~780 nm CsPbBrs i3k
B3 B RGE, 7E CsPbBrs WGM RIS T MMl (Q~6100) 4k
£ (51~0.09 nm) {&HEME (Pmn~0.42 pl/em®) MUABBOLHE . WMEK 3.2 fim
St RETEE. R T oI R L, BB M R 7R A /N IR BRAR AU
(~780 nm) A HA B BRI ME B AR T R B g L2477 0108, 3
Wb, MERRET Q MEMERTH/ATAR TR, #iSEOEEHRRE
N uﬁ@x&%iﬂ’fﬁ%ﬁ%ﬁﬁﬂﬂﬁﬁ%ﬁﬁ RRIRZEP, M THEE 10um
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Higikek. ki, BEMESE, ERN~780nm FIHMEKIE A T RILELEES
NIEF
g =204 %%  Q-factor ELER kR

(nm) (nm) RT (W cm)

ZnSe NW 461 0.72 640 ~340 150 fs, 1 kHz
GaN NP 369 2.20 170 ~40000 0.5ns, 1 kHz
ZnONW 387 0.80 484 ~400 8ns, 10Hz
ZnOND 389 0.70 556 ~750 8ns, 10 Hz
CdSNwW 512 040 1280 | ~14 120 f5, 1 kHz

MAPDLCls. NW 7444 1.60 372 ~60 50 fs, 1 kHz
CsPbBr;3 NW 538 0.26 2069 ~6.2 100 fs, 250 kHz
CsPbBrs NR 543 0.155 3500 ~14.1 100 fs, 1 kHz
CsPbCIs NW 420 0.30 1400 ~7 150 fs, 100 kHz
MAPbDI; NW 787 0.22 3600 ~0.6 100 fs, 250 kHz
CsPbBr; NPL 536 0.15 3600 ~2.2 50 fs, 1 kHz
FAPbI; NPL 837 0.49 1700 ~25 100 fs, 250 kHz
FAPbI; NW 824 0.53 1554 ~6.2 100 fs, 250 kHz
CsPbBr; MS 545.2 0.09 - 6100 ~0.42 40 fs, 10 kHz

B 3.2 BB EESHTH. #% MA. FA. NW. NP. ND. NR. NPL #I RT 4
RI4LF CHsNHi:. CHWNH2) FKZR. k. K8, ks, kA AZER

Table 3.2 Comparisons of main laser parameters among reported semiconductor nano/microlasers
on natural nano/microcavities. MA, FA, NW, NP, ND, NR, NPL, and RT denote CH3NH3,
CH(NH>); nanowire, nanopillar, nanodisk, nanorod, nanoplatelet, and room temperature
respectively.

FT AR BRI ST, CsPoBrs BRRTARE A9t AR M EE AT T H LRSS
EMERTL A LAY MR R itk . BRGBINBMIES v 2 FideRd: FP
PEER WGM T, WGM flUis B H 4 R e e o LR Q ARBIE S
o BbAt, Z1UTH WOM HE— RS M A E ek, MERRIE AT LE =4
254 b SEI O PRI — PR R, BLERE WGM i B 45 i
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Figure 3.3 Lifetime measurements of one single CsPbBr3 microsphere: a. The streak camera image
of an isolated CsPbBr3 microsphere at the pump density of 0.1 P (upper inset) and 1.2 Pm
(bottom inset); b. Typical PL decay curve obtained at three different excitation density (0.1 Ptn,
0.9 P, 1.2 Pmm).
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VO R AT LA R A S, HARE RS A B R A A E &1
M6l ghAh, (EEEERIETE 0.1 (195.242.5 ps, 60.4%; 749.1+6.1 ps, 39.6%) Al
0.9 Py (143.3%1.3 ps, 77.6%; 669.3+7.6 ps, 22.4%) K, REWNIEZRALLE
GERZFRAN, FRPEMRDIE T RE NGRS E S HFE. AREREP~12
P B, LT HHEETFE (30.5£0.9ps, 95.3%), HIERSFEAT UME FH =83
M. FHAHERIERRZEEMNERE, HERAHN 953%, mAXTFHk
RN ER G (125.020.9 ps, 3.9%; 608.01+12.6 ps, 0.8% ).

3.2.3 $EEAR RN ER R R 2R R LR E R

BT HOEBRETF Q. L5 0h WOLHIME Pr BBOEH S v 25, Bk
BIFeE R A RN — N EES Y. EREEE T LVESET CsPbXs 48
A V- RS ERT #8 CH:NHsPbXs B A Emp#dae s, Wik, BEigk
B B BOCH R M. 9 T VR CsPbBrs SUER S BB e Y HOFE RE 1,
ERRKEHET QIC, BE 45%) FH 400 nm fkrf ¥ G (EHE: 10kHz,
Jik B8 : ~40 fs, ) Z2TH HLN CsPbBrs Bk, W& H S H 53 2 B I 1R A 284k,
BRWE 3.4a Fiapyihsk. WE 3.3b Fros ABOLEERE P=1.2Pm B, HEEH
HoREERERT [ A fh 2%, 7ERT 50 min B, SEECRRHEEE. Bk, &
MN—EBEBRE, EENETEREEFES). 7 50 min (~3X107REBE) 2
JGi» CsPbBrs kRS2 215 E, HABBOLH HREFImZHIRT, KZ 70min
B LFREA S . B, A TIEH % H CsPbBrs MERIEERIAH T
BB H iRt LB &4 . o
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Figure 3.4 Stability measurements of one single CsPbBr; microsphere: (a, b) Emission intensity of
a CsPbBr; MS under 400 nm fs-laser excitation at a constant pump density of 1.2 Pm while
exposed to ambient atmosphere.

3.2.4 BHTRARER T AR R HNENR

548
a CsPbBr, ——— 772 nm b
) BRI 111 4]
e 7 R0 TN
e 7RE YN 544
- e 789 M —-
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E% 3.5 a NER T CsPbBrs Bk SO R AT AR b. BB R AT R BT
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Figure 3.5 Single-mode lasing characterization and theoretical simulation on CsPbBrs MSs with
diameter around 780 nm: a. Single-mode lasing spectra of five typical CsPbBr3 MSs with different
diameters; b. The resonant mode is extracted and plotted as function of the diameter of CsPbBr3
MS. Top inset: Simulated electric field distribution under a transverse magnetic resonant mode at
545.2 nm.

1t b, BRI K R RIS S M R R IR R, B, B8
AR M AR, T AR/ P PO SEEL B O R 1 R, 1R BASK
WO RS, M 3.5a FiRD9 5 AAE CsPbBrs BUR R H AR EOL
B AT, BRI HRSF D~780 nm. MBI 3.5a RELUERME R, B
CsPbBrs Bk B2 g, BRI i R S K B2 FF AR A 533.8 nm L £ 545.2
am. B E, WA WOM ERREUE, BORM RS SR R FEm T
A ~DrNAv (3-1)
Heh D %% CsPbBrs MERIIELR: % RBOCARSBKAE: v N 5
SO I T 8 5 TERLSAR T CsPbBs RT3 (2.0 51PN 2] 3.5a
T 5 ABRIR MU B A2 28 (AR 1R /N (772 nm, 777 nm, 780 nm, 784 nm, 789 nm),
H R — AT A K g, R, SRR gy —ERRE
AR, AR 3-1 WA, EAEEOREI R K L FIBERE R D RUEL, B
W% CsPbBrs s R~F o IN, A BEBOL R IEN ALK .
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El%* 3.6A=533.8nm, 537nm, 539 nm, 542.4 nm FDTD EE L3753 7 B
Figure 3.6 Simulated two-dimensional (2D) electric field intensity distribution of these four
corresponding CsPbBrs MSs at A = 533.8 nm (a), 537 nm (b), 539 nm (c), 542.4 nm (d)

11 3.5b Fiw S A8 B R e SRR R B S AE R R P R,
SESARFTRLERMA—E A — PR E T BB, 4=533.8
nm, 537 nm, 539 nm, 542.4 nm [EEAESCRISE T R ES B 40 A0 B H s
FR#£4%¥E (FDTD, Finite-Difference Time-Domain)%5 i, HZERWE 3.6 Frim. M
B R T LA B65 3R it R B B R M E ISR T, CsPbBrs fBRk1EJ WGM 7
fsxst B S AT T 2%, 76 CsPbBrs SR B REA— M ERER, 310
BB, BRRBE R AU RSO R K, e T s B0
B E. WE 3.7 Fion, 24 CsPbBrs BRIRTEIZEAE D 8 RE(~12.9 ym B, H A5
e 7R 3 MO, X T CsPbBrs BORBYHE, HAR AR W PIE

AN=Am?/2n7R (3-2)
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Figure 3.7 Multi-mode lasing spectra for CsPbBr3 MS with D~13.8 pym.
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Figure 3.8 Multicolor single-mode lasers and the corresponding emission images of one single
CsPbX; MS.
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Figure 3.9 Single-mode lasing from an individual CsPblz microsphere: a. Schematic of an
individual CsPbls microsphere on silicon substrate pumped by 532 nm laser excitation (~1.1 ns,
15 kHz). The red circle indicates the light propagation inside the spherical WGM cavity; b.
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Excitation power-dependent lasing spectra from one single CsPbls microsphere. Inset: PL image
of CsPbls microsphere above lasing threshold; c. Integrated emission intensity as a function of
pump density showing the lasing threshold at 1.65 wl/cm?; d. Lorentz fitting of a lasing oscillation
mode. The linewidth of the lasing peak (8}) is 0.17 nm, corresponding to a Q factor 4200.
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* Figure 3.10 Size-dependent single-mode lasing from CsPbls microspheres with D~920 nm: a.
Single-mode lasing spectra of five typical CsPbls microsphere s microsphere with different
diameters; b. The resonant mode is extracted and plotted as function of the diameter of CsPbls
microsphere. Top inset: Simulated electric field distribution under a transverse magnetic resonant
mode at 715 nm.
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E% 3.11 A=709, 711, 713, 718 nm FDTD BRIl s 53 i &
Figure 3.11 Simulated two-dimensional (2D) electric field intensity distribution of these four
corresponding CsPbls microspheres at L. = 709 nm (a), 711 nm (b), 713 nm (c), 718 nm (d).
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Figure 3.12 Multicolor single-mode microsphere lasers based on cesium lead halide perovskites
with high quality factor: a. Lasing spectra and the corresponding emission images of single
CsPbX3 microsphere; b. Amplified spectrum for CsPbBrals.a microsphere. The experimental data
(black dots) was well fitted by Lorentz curve, giving an ultrasmall linewidth ~0.10 nm and high
quality factor Q ~6200.

3.2.7 FBEXNERA RRANEFERE SRR TR

9 T $5 95 5 VR Rk v e 1) X B A O SR ORI, 77K R BIA 532 nm 1
QAP K RS A A CsPbls B5EKAT/NER (D~920 nm), AR AR e i e 21 ]
& 3.13 Firi s eim. Wk 3.13c. d iR, CsPbls NERTEIE K 4 58 55 92
WEE AL AW RIS T, BN AL WL T £ CsPbls #5
SR /NER OO BB 2 3R 1.65 & 0.22 pi/em?. Bk, KA SEHUR T HOGINE

38



33 F BHYERMEA LT RER R BRAERHR

{8 99 BARIKR, X5 2 BIHREH — B Bk B EBEE SR IRRK 5 A/ TN
s, XBFERAIWHNR, BotRERENKNSRFTRAR, ZREOE
BB SOETF e R R S TR AE AP A, TTREEH R S E &
KR THERR DAL BTN, FHE RS R RERH
R R B A Y,

4 532mm ‘ b Vs
(~1.1ns, 15kHz) s 2.1 piem” //
- - N\\ %
= 2 7
= e »
= = 4
r— bl Fa
g g 7 E:Si ddem
= L //- /
.
-------- . P
-
705 720 735 750 p 2 3

Wavelength (nm) Pump density(pliom’)

532 nm
| (~40 fs, 10 kHz)

0.35 Whem”
.

o
<
b}
L]
\.\
\!\
iI
Y
]

.,,.,'-w-'ﬂ"

Intensity(a.)
( f
Intensity(a.u.)
l‘
-
<5
5
&
3,

700 Wavel 728 750 0.1 1
avelength{nm) Pump density (gjx’cmz)

B 3.13 ZRIHIERK ST S BRI M BERE T 2,532 nm IRPILIRIE T 81> CsPbls BRIR U Y
FIEHEE; b4 CsPbls BRR i R 4158 ST 532 nm I A RBREK KRB RE,
BB BME Pri~1.65 wiiem? 5 ¢.532 nm EEPIEFIE T A CsPbl; ORI ATt 1
Bl d.5A CsPbls BRRTAEE & S15R N 532 nm KL RBREEN KBS RE, 4R
BI{E Pm~0.22 W/cm?

Figure 3.13 The influence of pulse duration on single-mode lasing performance: a. Power-
dependent PL spectra of an individual CsPbl; microsphere excited by 532 nm laser (~1.1 ns, 15
kHz); b. Integrated emission intensity as a function of pump density showing the lasing threshold
at 1.65 uJ cm2; c. Power-dependent PL spectra of an individual CsPbl3; microsphere excited by
532 nm laser (~40 fs, 10 kHz); d. Integrated emission intensity as a function of pump density
showing the lasing threshold at 0.22 pJ cm™.
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Figure 3.14 Lorentz fitting of a lasing oscillation mode at Pri~0.22 pJ/cm? under femtosecond
laser excitation. The llnerlﬂl of the lasing peak (8X) is 0.09 nm, corresponding to a Q factor
~8000.
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Figure 4.1 Two-photon photoluminescence characterizations: a. Mechanis of two-photon
absorption; b. PL spectra for CsPbBrs microsphere excited by 800 nm fs-laser with pump density
100-290 pl/em?; c. PL output intensities plotted as a function of the excitation power of 800 nm
femtosecond laser.

1 4.1b FiR AR R RS S 800 nm KFPIEZRIH T 84> CsPbBrs UEHIZ G IH
B, I EsETEE J 0.1-0.3 ml/em?, 4% 800 nm KL RBREEA A CsPbBrs
R s R BTR IS 4 AN log 1B, BEIWE 4.1c Faldi. X 4.1c HEut
TR, BRRE~2.02 MHS, RUEHATHEESIOCKNBERFE
TH RIS R, ST CsPbBrs ks & 4 T R HRIL, 2RI CsPbBrs TR
Vg B SEEL A T 5 8 BRSOk i L BT R L2 JEA, BB BUR REE R
eI I i B AT e AR Ak, ST B i TR SR AR B IR R A RIRFHEROFF
o DX 3 K P

4.2.2 FHTRRBEBANLTFREESBRABAERE

0 4.2a TR, 800nm KEPEOE GRE: 10kHz, Bk3E: ~40fs) JAIL 50X
2 B B AR AR TR A~1 pm CsPbBrs #54kH /MR E,

44



%4 2 S5 ERBUE IXOLT FEE R R R ARROL R

RSP E S EBA ML, FEWHSEK . BRCEBEERT /IR L,
CsPbBrs #EkiE i B AER [FI R R 2 4> 800 nm FIJ6F TE MRS BIBUR A HIER
iF, REETEFEEEN, KHEKKEMHE CsPbBrs MNEREHIEIRLIEN,
HAERB LR ERNENR. YRERELERN, MENRERTERE, A
CsPbBrs FRHERS 74 AL A5 TUEEE1~543 nm FEF6 B AHEMOLHH . 107 4.2b FIRN
AR 800 nm K LFEHALE TILRMRIEE, RBREE P<Pm~203.7 pl/em®
FF, ~530nm 4 AT LAREERISE AL R AT, BORIET B RESERE: BARE
P=P1~203.7 pl/em? Bf BE M E2H]~542.6 nm RE/PMETR B, HPEERFE
S0<0.05nm, FFREE R KNIRIEIGE . LREREF, 7E CsPbBrs KIGTEEN
RMER|—NEOCIE R I, XFRRE e R EROERI . FEETREEE
B K, MR aEEOL R ITIER B TET(~0.09 nm)FIE % (0.037- 0.08 nm),
% F B B R B B T BRI T TR 8k B A S R (BI04 g4,
O3B 2 B SERREOE M R 7 Q BOERIN .

a b

800 nm

{s-laser " 543 nm Lasing

Intensity(a.u.)

]
-
.

Perovskite WGM Cavity

L r i i L L
335 540 545 350
Wavelength(nm)

. —&— Total
T —e— Spontaneous

3102 pliemi=—""o

$3~0.037 mmjey Q15000

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

L /’/
- ,/./ 203.7 pen’
L ./

' 2(;() ] — .4(3()‘ 600 ' 5412.1 54l2.4 54!2.7 ‘ 54;%.0 543.3
Pump Density(p}/cmz) ) Wavelength(nm)
Bk 42 SOLTRBEBEOLRE. a4 CsPoBr UMM~ EE: b AR
B T8 CsPbBrs BRRBARE M5 HE B ¢ 224 CsPbBrs BRI RS 3R EEXT 800 nm &
PR HEEENRBRRE, 50 NBIE Pri~203.7 wWiem?’s d. Pr~203.7 pl/em? B 3%

45




SEERE BOR BT 7O 1 R AR KO AL

SRR A, BRI O HIET §0~0.037 nm, BOLRRET Q~1.5%10*
Figure 4.2 Ultra-high Q up-converted single-mode lasing from an individual CsPbBr3
microsphere: a. Schematic of an individual CsPbBr3 microsphere pumped by 800 nm Jaser
excitation (~40 fs, 10 kHz); b. Excitation power-dependent lasing spectra from single CsPbBr3
microsphere. Top inset: Far-field PL image of CsPbBr3; microsphere above the lasing threshold; c.
Integrated emission intensity as a function of pump density showing the lasing threshold at ~203.7
pJ cm?; d. Lorentz fitting of a lasing oscillation mode at 542.6 nm, giving an ultrasmall linewidth
of ~0.037 nm, corresponding to an ultra-high Q factor~1.5x10%
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R LA R R T A ERIR G, R IF RS R R A T L5
ENTa, BRT MEA S HGE R ABEHREIS 8, e, BRMkE 5%
DA, WBRE NG WAk, SUEE WGM s, WALIEFER
RARA, BE—BRMET eEBL. MLIHBRE, BRMESERRE ST,
BERERAD, FHE = Qeon HIFIXBATLLZBS[®), HiE R FIEFZIREM
BRIZFSAEOITS EE, MERNFTHRERRKNTEAN, WEH n~1.58,
PR i 5 JES i 48 WO B2 A 7 2 DR 35 P e 3 B I BR A4 L, BRSO B N R B R 1o
ZTE TR AR S RITRK, XESET B PRSSEE, AIREDR
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FJR CsPbBrs BRI I R E B IR TH T H G R AU BCIR G 4 . BEh, ik
SEBRE B CsPbBrs AU bt K174 38 35 7T DU ] 450 eml, AT % SRR
St s TR FIW), T UL AT, eSS EBOL A T EIHE TR
TR RIE HIRTE . U ERRGE . S0 AR Rl s et DA R i B R R A 4%
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Figure 4.3 Time-resolved laser dynamic investigation of single CsPbBr3 microsphere: a. The
streak camera image of an isolated CsPbBrs; microsphere at the pump power density of 0.9 Pt
(upper inset) and 1.1 Pt (bottom inset); b. Typical PL decay curves obtained at two different
pump power densities (0.9 P, 1.1 Pm).

S T S O A IO AT, AT LUEVR N M T ARSI = 22 R B 110 7R
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R [ B B RO 0 5 A AT AT - WE 432, 4 HURTEBOLREE 0.9 A 1.1
P B, LML ERERMERL . FERCRER P=0.9Pm i, EF A LA ZIBI
g2 — A AR B BEOL R AT, SR S A RIRS BRI AR, JLTERAS (A EL B
KATRE]JLE ps 2 1ns. 24WOEAERIGK P=1.1Pm i, B 4.3b AT ARERE AT
e R A 1 — R /N 5, HE L O SEIRES 6 1 BRI N B LA ps, X TURE
CsPbBrs BRI o RSB 7= 4E . OGRS E P=0.9 P I, FOLTEIRLRE R LA
RS S, HARSER RIS SR (92.8 ps, 78.2%; 813.0 ps, 21.8%) 451X B
ETANAE SRRV, BR B AT P=1.1 Pn i, IR T —MHRRRRAL,
HEER T R E B = E . RYE U B4 R, BB IRIL AR (6.8 ps,
97.45%) KRBT SHiEs, MAEENE, HIERELN 9745%, BEZATH
BT FRRZER S T (49.6 ps, 2.21%; 313.8 ps, 0.34%), XRMEBEZ LX
wE st ) T /NRIOEA BT R . — ok, BEEMRIIRNEA, FRNE
AR IS IR T RO SRR, REE AR, (H2NE, CsPbBrs ik
s R R A RO R SERAT 1A R 6.8 ps, DUk, AEXMEEFIHEHES
R B T ECR AR DI R b, ERERST RS A R B AT ELA B=Ru/Rr
SefEE, Hh Ry AR E BB S BIEOCERAER, T ReRR KB RIES
3819 M, B P=1.1 P R IR M BOEHE AR R EIR T (5 H 45 $~0.86,
5 5 e S A BT R S VA T R AR T AR B S8R ~0.84 W&

4.2.4 $ERTTRREEATE T RE BRI EME

Yyt — B HF 0 CsPbBrs BOR MUK RORFME, i 43 5606 A SRR
CsPbBrs HOlR UK 75 &/ 41 B L I B0 R ST REIE . ATEA K, AP
P 2 FPIE TR, AXEERET MM ERIGIE, SRS AN A
I, — VRPN CsPbBrs BORIUIBFE-30°-30° R0 RS LB S10 . i 4.4 Py
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R, PHFRRIRAAN T CsPbBrs BRI BAEBOCHI BN A K, BHRT7 N2
BB RS, IWE 4.4 FTAT, 7E-30°F] 30°8A it M E_EXResRil 2l
CsPbBrs ERF A ERT T 0 75 & B SR AL B0 H B, BB O IR R BT P 5
H RS R ARV EED, LT HRRMEARR T H WGM X FP i Ry
FRGHRE. 4468 EERTEAA, 7 CsPbBrs BREFEE T AT ATEA
77 ] _ B3RP BI~530 nm AbRTXUOET R SAEFOL, I B EBOL M BRI
o B B EHRERA SR IOCEESE T BRMEE S A E LR R
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Figure 4.4 Angle-resolved photoluminescence of CsPbBrs perovskite microspheres showing up-
converted single-mode lasing with similar linewidth at 530 nm with sin6 changing from -0.50 to
0.50 (Angle 6 corresponding to -30°-30°).
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TR ¥ 56 35 RR R 7E L A T RRBE 380, Ui ROSH AN R] & B AR e R A ROL TR
K&, Hik, TRRTHER, BRKERERAR, HSEEot h s
RSN Bk, B EANEE T CsPbBrs BRGESERY T R~ RSk
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X -5 v R R A M /0 T BB R U . An B 4.5 s 9 5 AN CsPbBrs
BRI B PO X5 T R R SO OB 6, ook CsPbBrs BRIZABEK
RS AR D780 nm. M 4.5 B AT LIS BIBEE SR D AWK, 0
T O RS KB TR (533-543 nm). FEEHOR, LE
S EG R T S R KA A, CsPbBrs BOM I AU T S
e B R B T 2 e — B (R MR 7 T T 78 28 MO 025 55 6
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= 15 A
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Figure 4.5 Up-converted single-mode lasing characterization and theoretical simulation of five
typical CsPbBr3 microspheres with their diameters around 780 nm. Especially, most of all

linewidth of up-converted single mode lasing is around 0.05 nm, corresponding to an ultra-high Q
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factor >10%.

I 4.6 FTR, HUENT BB, SO T5IH S EEOL & S K IR
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Figure 4.6 The lasing peak plotted as function of the diameter of CsPbBrs; microsphere.
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wl/em? 55 FHEE~203.7 pliem? AR T — M ES . W 4.7 in, X80 K
T P=Pw~23.2 wl/em? i 3¢ Y6 il B AR HEAT I AR 24 P& 15 H P I 37 501X 9~0.0177
nm (BSE Horiba SEUE HIAZIRS BIZE~0.0166 nm), SCARRIAGEOGR TR T4
Q~3x10°, METHEB TELARERFRIANRE. Bil, XE2ERIHUME
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Figure 4.7 PL of one single CsPbBr3 microsphere at low temperature: a. Excitation-power-

dependent PL spectra of single CsPbBr3 microsphere measured at 80 K; b. Lorentz fitting of a

lasing mode giving an ultrasmall linewidth of ~0.0177 nm, corresponding to an ultra-high Q

factor~3x10% c. Temperature-dependent PL spectra in the range of 80-180 K under a fixed

excitation of 64.2 pJ/cm?; d. The peak position of lasing and spontaneous emission plotted as

function of the experimental temperature.
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S0 354 T P PTG, B R i R IR RS IR, BB I 3 PR LA TR o
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52



45 GHTBRRBEAICETREER B RAREEORS

51, BEEMRIEE MR, MEEOLR SHENTO e R, WHABIELE
ISR T AR ERY, MEREMEREHMALERER. Bk, ¥8
hHER S EENERTURTN:
Eo = Eo — aT?/(T+P) 4-2)
Hrh B [T SN, EofRFREBAZE 0 K BEIHE: o 71 5K
F SRR LI B0, — A, BN SRR S - AR
FIFetEAsll, WTTSEMERSHBE, SBT LBHHRNEL. —BRYH
B ST AR R IR/, TIZETHE54E CsPbBrs AR RBEE
BRI, HECLROEA B, HEEERNEREY IR, XELRRE
BHILG . AT IXFIURIE A B St L, FEARIEA AT thRE L 22 3
FRIR, BAEGEREE ST,

43 B&

A ZHT CsPbBrs 8540 THERL B ARG T IRUURFIE, BB, &
I H CsPbBrs BRI RS T XUEF RSB R MR A EE0E (Q~1.5x10°
i, PRSI ST SA U ~0.037 nm, BOLBIE #~203.7 Wlem?. BT
STIGERE T 80 K, MM B A MRS $)~0.0177 nm, BOLAEETFIRE
F~3x10° £ FKMAVBOE 2 FIRE N TR E. B A S PEEIESE T CsPbBrs 3k
SRBE U RAS R SHFHE, 7E-30°-30°H0 AT LIERMEIHER — BUR S BOROBHLE .
ARSI RILT CsPoBrs #1857 H FIBERABINE .

53



SEERT BRI P 7 R AR OR BT T

FSE BG5RE

51 B4

LR FHE A AR R s . Bl S (4804000 em™), K
R (30%-70%), KERFH B (~1 pm) SEFHAEHTE LED. KB ER
Yes2 . KRAAE AR B B R AT R . AW FETRRA T

1) GIEEI& TR . BEDGEERS T ME. BTHAREEE
e THES CVD &%, JEUULVERBIA T REEE. B E. RERE.
s Y H 1 3 B0 R R RS R R SR . BT CVD AT R4 T~
um FOBRARAE R gk 1, 252 R LI B B A Ko7 B T #6148 ~10 pm AYRRRPSER
Bk e R . S e R AR R BRI . RGN . aa ks
BREL, LMEREAEIR WGM s .

2) HF CVD #1% BIES T BOR S, B RSEIL T B a5 T WG A B
RSO e TSR BT RO R BRI R E BT A T S84 CsPbBrs
HoRSE R 0350 S ST IE R, 7E CsPbBrs BRI BLSS I T 3 B i Ao e
HEO P B FE B E Pri~420 nl/em?s £ 5 $1~0.09 nm. & AT Q~6100 ¥
RIS . $RIE T CsPbBrs BRI 1 BB BOE R ST I BRI IS
s RNFRISE R, BT BCEROR M R T, 9231 533.8-545.2 nm /N B Y SRR
St L R SRR, SRgE RS FDTD BRI & B SRR
KSR T E O R RO, R I W BOR R T RO E X EAR, 8
K BB SR N T B L S T S CsPbXs RIS B 3 LR ST
BYRSZIL T B 36 AT G A B A RO T S

3) EF T RR T TFRBCSE, 78 CsPbBrs BRARGAE BLSCIL 1
B o ROk . B TS IRIT T CsPbBr S5 AR IR A R T
B RIPREE, BT HA (S B0 TR IR H , FIRT 800 nm 2154 KA
SRR, BB & A CsPbBrs BRI 3R 7w i BT A AR B0
«}mmm)ﬁﬁaﬁﬁcwwmﬁ%ﬁﬁﬁﬁ,ﬂi%%&ﬂhm$ﬁﬁw
R OOE T IR ORI T R B, A (30~0.05 nm) KBObA

54



BIE REERE

R TR BT (Q-109). MR, M5 PO ¥ AR 2
$0-0.0177 num, 5% B R I AR 2551 Q-3x105 SBITATRER AT T CsPbBrs
BT MR R MR RO RS K A BAR . BE, B AP, EXT
CsPbBrs BRI O 2 S, 7E-30°-30° 3 T DARRIN B M 5 — B A B LM
i

52 RE

S s A B S IR, TT SR I P R R R R B
s, TEREREET S R TR TS ML . HATIRIER ZnO. GaN
T GaAs SIS HOL AT H SRR A1k 2 3 2 TS M FLMORRER &R B 7 1
B (Qe650-3600). FEAKTMEMES MK, MIERRACRY. M. B
St SRS, o CsPbBrs Gk RHII Y 2516 3] 450 e, EHTERUAIBOL
N A B KRR 770 A SO T 45500 9K H R 5 e 2 R L SBIT 6
S R & R IR AT M ST T AR B TR RO A T
R, FEEE TR T RO R E TR G, BT
KT, FETHWT: FRRREMOTENE, §RREMEER T
S AT B AR Ve IR M S0 S AR R B U M s 5K R R A
SeHSCEL, BT AR TR B AR, AT B R A R R
6, 3 F R ARG S T R R A R RN A A E . R
TR F 4T

1. A IIEEOLEE, WIS B, AT REENEIE
T B S HTART TR pn HIRORL

0. E AR A B AR R, FEUUR AR SRR TR pn S I0FTR

3. VAR AR IR 5, TR R
TR A B R T AR R IR, R . DR
o T B O R /N pn MR | EEEKE R R R R
=3

55





