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Abstract

Abstract

All-inorganic perovskite CsPbX3 (X=Cl, Br, I) material has become one of the key
researches in condensed matter physics, optoelectronics, materials science, due to its
excellent performance. In recent years, light-matter interaction in this system has
attracted extensive attention from researchers. With large oscillator strength, exciton
binding energy, and high photoluminescence quantum yield, CsPbBr3; perovskite is a
ideal platform to investigate the fundamental physics of the coupling between excitons
and photons. Synthesized by size and morphology engineering, perovskite
microstructure can act as the gain medium and the natural microcavity simultaneously,
which can realize effective restriction of photons with specific frequency and provide
advantage for designing low threshold room temperature laser devices.

In this thesis, the structure and photophysical properties, the latest research
progress and applications of all-inorganic perovskite materials are introduced firstly.
Then, all-inorganic perovskite CsPbBr; microcuboids/rods are synthesized successfully
by the chemical vapor deposition method. After that, the light-matter interaction in the
microstructure and polarized photoluminescence property of the material are
systematically studied by the method of scanning electron microscope, energy spectrum
analysis, X-ray diffraction, photoluminescence spectroscopy and angle-resolution
spectroscopy. The specific research can be divided into the following parts:

(1) CsPbBr; microcuboids/rods single crystals are synthesized on Si/Si0O:
substrate by chemical vapor deposition. With smooth, flat, regular surface and
controllable size, the microcuboid samples are orthogonal or cubic phase at room
temperature and show high quality crystallinity, which can act as natural microcavities
and realize effective restriction of photons. And the synthesized microrod samples
crystallize along the [001] direction, with triangular cross sections.

(2) Through the method of angle-resolved photoluminescence spectrum, this thesis
demonstrates a transition from exciton-polariton (strong coupling) to photonic lasing

(weak coupling) in a high-quality CsPbBr; microcuboid. The dispersion curves for
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exciton-polariton with a vacuum Rabi splitting up to 309 meV have been obtained from
the angle-resolved photoluminescence spectra of the microcuboid under low power
excitation at room temperature. The dispersions curves are simulated by the Coupled
Oscillator Model, and then the components of exciton and photon in low polariton states
at different cavity-exciton detuning are obtained.

(3) A coherent photonic lasing with a high quality-factor (4153) appears in the
CsPbBr3 microcuboid above threshold (16 pl/em?), originated from population
inversion. Significantly, the interference pattern of the coherent lasing through the
Young's double-slit interference method, directly indicate the parity of the lasing mode
and the electric-field distribution in the microstructure.

(4) The polarized photoluminescence property of the synthesized CsPbBrs
microrod is tested by the modified photoluminescence spectrum technique. The
CsPbBr3 microrods display a good polarization-dependent luminescence emission with
a 180° polarization periodic change, and the calculated emission polarization ratio is
0.30. The confinement of optical electric field due to the difference in the diclectric
constants is the main mechanism responsible for the polarization anisotropy.

Finally, this thesis summarizes the problems encountered in the research process
and proposes the follow-up work plan and outlook. The results of this thesis, based on
the all-inorganic perovskite CsPbBrs system, systematically study the interaction
mechanism between light and matter, and provided important reference value for
designing low-threshold laser devices and room-temperature all-optical polaritonic
devices.

Key Words: CsPbBr; perovskite, Fabry—Pérot microcavity, Light-Matter interaction,

Exciton-polaritons, Lasing, Polarized luminescence
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Figure 1.1 Schematic for the basic lattice structure of perovskite materials.
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Figure 1.2 Multicolor luminescence of perovskite materials in visible spectrum ™4,
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Figure 1.3 Schematic for the formation of exciton polariton in optical microcavity.
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Figure 1.5 (a) Comparison of luminescence performance between traditional dyes and
CsPbBr; perovskite nanocrystals. (b) Luminescence properties of CsPbBr; perovskite
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Figure 1.7 (a) CsPbCl; nanoplate and DBR microcavity system. (b) Condensation
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Figure 1.8 (a) SEM image of CsPbBr; nanowires and lasing behaviors. (b) The lasing spectra
of a CsPbBr; nanowire and the dispersion of exciton polaritons in the k-space at room

temperature*3,
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£ FEAE5ERE CsPbBrs UK HREE K R L2 FHE T A

AL MEL EREMSENERET, TUEREERRZEN R LHEEEE
MITHESERT HORER . APRA 8%, FFREETRES, RIWE, AARRER
b, BEEEEE, #TH&IERIAFRME AR 0HE.
1.3.1 EERE

LI b, H& g REHT AMR FORE & RS AT DL 73 A m IR R S o)
MEREEERED HE. eERENE KFER, AEERSNERD,
REEAN P BT RIEER, SR BHRERZ, BERMEENRE, f%R
B, MR TIRBUZAIHIN. 2015 4, Kovalenko & AMIE RIAIT SR Hvik it
ERINH & H CsPbXs (X=Cl, Br, D) 550 #UKE . A6 =30k B ER
AR, HEHEHE Cs MREIMEEFEE, FHREHLERZE 100°CLL L. FE
BERSSALMEANTIRMRAMEE T, fl&d PoXe REEK, FATHEE
FEZ 140-200 °CR B Z KRR B RT . 5 R B OB A i R 3 3 S RV
FAHPOKEREERE, BABRIRIEERE 5-15nm FIFGRT AR &k, @il
AR AR ES ERE R E, o] LI g REBE 9K S ATZ3R 1A% . Deng
S N7 2R R R R P AR FIE S, REARMREESES), &%
A FESIR T8 CsPbBrs 5. LW R, FETEN, N-— FEFEIZEHH
AUARBERI+ 0%, $58K0 UK E NS H B MABREF %, 540 4
K APAREII: MAMEBA EFIZ, S8 2KeRMHPRA IR A
TECERMIERE, S50 KR SMHPRERESR, 0B 1.10 Air. HEFSA
EHMESRT KR ERI M LIRS R E, TRE TAE R AR

Nanorods

Ce.
i ' /e q““’bo""‘h
!

o
“”'w.q;;x Y,

. Quantumdots

ol 2 Y T e ¥
“h

E 1.10 B A EEPREER csPhX: (X=Cl, Br, 1) gk R& {00

Figure 1.10 The morphology of CsPhX; (X=Cl, Br, I) nanocrystals regulated by different
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F1E ZiR

organic ligandsf®7],

AT H & TR B e AR, R B R TESS SR R S Y, Mk
ARV A 3t O P BRI, BT AT B AR LR, AR
# ! a1 CsPoBrs 9K4& 549K, ML InE 1.11 s, Ayl
KEEMKE R 2-30 pm, AHH 0.2-2 pm, 2] & - SARMANECE 413348 R
Fo B EEUTIEI T RAHBES (lemxlem) AEE, KEKGEHHEER. =
NEFFIE B TG, FRT O BT, HRELEHERE DL 3000 rpm
HUSR i BER A B R B, HEIRET AN 308, FREE 150 °)CTFIE K 4L E 15 ming 4
460 mg PbBr {FAE7E 1 mL /K —FHEFEELREH, FLL 1000 rpm (4% BT 7L AT
AL B B R b, BEIRI AN 120 s, ZJS7E 100 °CFiRA4LHE 15 min; R
% 8 mg/mL CsBr MG /KFENER, FETHENMIN, & E—F AR
HEEAERNME, BRI L, NS S 50 CTF RS 12 /M &
JEEH RS RLE, T TS, A RS TR 1) CsPbBrs K& SR,
BRI RAF 9 6 1.

B 111 (o) FEEEFREH %K CsPbBr SRL 54N SEM B, HAR: 1
pnm; (b) CsPbBrs JORBEHFZOCEBR, HAR: 1um!
Figure 1.11 (a) SEM image of CsPbBr; nanowires/nanocuboids synthesized by room/low-
temperature solution method, scale bar: 1 pm. (b) The optical images of CsPbBrs nanowires

lasing, scale bar: 1 pm®l,

1.3.2 (LESHRRE
SR, FIRER, BB G e AP AR a8 EN,
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LIEHLF LN CsPbBr: HUA By K RME L RHEH A

THE R RN S R R AR RN, TERRARIENIE T, TEATE TR AR
EHBER R FSMHNRE R A REME . RAK. 85, EEK
AR MR A, SERRRIRE T, dEaL A RNV EREE . BN R, S
MIRMESMES S, TUABIESERNSSE K. 2016 F, RBESE AW
EHIRLL CsX Hl PoXo NERL, @S SURTTRUATE = 84K 5 & H CsPbXs
KT ELEE, A 112 (ab) B, & B CsPhXs YUK R0 T 80, 455
FRER, BRIERRED, BER TN 1-20 um, EEH 50-300 nm, B3I
A, {ESCH RN A R A T AR AT R HRE AR DU, K —
S IR ELH CsX AT PoXo My AR BN EALERS 1, NG T8 R IR X AL A
FEE P, AR R S TR I KRN X 0 5-15 om B = BER S, RPERE
AR B B A SR I E S & 50 Torr, IMASAREARNER A, B
FiiE A 30 scem; W EERIPRIE R 575 °C, FHRA A 30 min; £ E R ER
BRMN20min /7, HREELAANEER, =B8RI RBEA CsPbXs 44
KRB

S5k, Song 58 NWHRIE T KA S SARTTRATE = B %t I T i 6
#H T CsPbBrs kAR . WA 1.12 (e-d) ATLAEF, #il4& K CsPbBn WOk RH
MARMER PR, SELR, BREAN=AR, RTEEE 120 pm 208 . 6
55t} IR TR)VR A A [ 45 & O I A7 AE — 8 B Ag SR L, R A MUK R e TSI R A .
SHAEM L, MBS E SR P AMEERIIELTIGIAN, FRERE
K, BREGR D, WA SR R 5T, A R BRI E AT IR Bl S B AR |
EF FF SRR R AE R AN BAL e B AR AOHI % . B AR, KA AR
I TEALES R WOR B ORI, I T S6IE P 28, TR — B = A TR T,
] VST R R AT EE ST 1A RS, R S BB B A IR R e 5 R
MEEHNEEETS.
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Abs/PL

/NN
Y e

350 400 450 500 550 600 650 700 750

Wavelength(nm)

Bl 112 (a-d) CVD HER AR EHIE K CsPhXs KA SRS, (a) CsPbXs
PR HDEEER: (b)) CsPhXa SRRSO RE: (¢ CsPhBra ORERIIRET 7
M (AFM) E8: (d) CsPbBrs RCKEER SEM EHE
Figure 1.12 (a-d) CsPbX; nanoplates/microrods grown on mica substrate synthesized by
CVD method*>#, (a) Optical image of CsPbX; nanoplates. (b) Optical absorption and
photoluminescence spectra of CsPbX s nanoplates. (¢) Atomic force microscope image of

CsPbBr; microrods. (d) SEM image of CsPbBr; microrods.

1.4 X EFESHY HRBNH

SEG SRR, 2TV RGHT TREE RN KERR
(Al JLOEE B, 400-700nm). ZOGIEERWEE (12-25nm). RN ETHE G
(~90 %) BR T4 B KSR BN A 52 550, & H A6 AT R A
g “BIE” Mkl —.
141 FAytes A mmaI N A

HAHNEAR ) BT o] E R R AR R E, S&MEA S K1Y
SN PR, i —E MR A RIS EAE, VT LLE R g R v SR
JER . 21 tHEQ4), Huang 55 ASSIE VOR 9K 2R 250 B A T fl g o 38 (At
7. BIENFEER LN, /£ ZnO PRSI T SEEST. AR, BEREsT
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ETAVEEERE CsPbBrs SR B/ A A R 6 S 45 TR 7T

A RGN T 2 R SE PR e R R R . BB 2015 4F, Zhu % A
K RGBS E, BRINE R T A NL-TEAURE AT AR, did HaRim e 77 =%
1327 Al WG BRI (220nT/em?) . B E P (Q~3600) MISLBE. 44
T, A H-TENRGES S R E M S e e M 22, R T A S R KA, BA
[FIFRAR S 000 o PR 6 L R PR R (R A= T L o8 30 45 AR M RHE TN 2 BB
FLEH . 2016 FF, Pan 5 AVSTE RO M S MTRREIAR, R Rl & H a5
B)—. BN RATAAS T CsPoXs BKAE, AIE AR FP k. 25k
H, AR R R ML, BRI RIS R, Pan RN T 2L
HUS ERA R R 110 % 9% BE(415 nm-673 nm ) SRR DY 2 B0, WO IR 14.1 pl/em?,
fn i R m ik 3500, HAEFEAHEAKEIMAEENE, W 113 fis.

[44] -
Fol =
o a
D g
3 §
8
=
o
Fo) T r T T
o 528 536 544 562
) Wavelength (nm)
O
= 12}
o BIG g VB
O i
O £ 0
0 5
e 7 06|
(& B
E oal
O oz2f
=]
o o AL
8 350 400 450 500 550 600 650 700
Wavelength (nm)

B 113 (a) CsPbXs ROKABBATEIE: (b) FRBCREEIN AR (o) ZRT CsPhXstd
SRR ¥ B 02 B B P TR s 1)
Figure 1.13 (a) The lasing image of CsPbX3 microrods. (b) The lasing spectra of single
microrod. (¢) Wide-range wavelength adjustable lasing for CsPbX; microrod at room

temperaturel“6],

ST, FH 152 BUBORT 2 AR BRI A0, TR TR P 1 U IR G 0 E
BOR DhZeit 2252 240, IXBHAG T 2 SR MR EE K 41K (continuous-wave,
CW) BUNMIR RSN, I, SHe TS Zho 2 A IRAE CsPbBrs K
L RGE 1R BORGY, ELRBIRTIES T 3.5 kWiem® B, UK
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F1E %iL

T ISR B BT, AR BB ik 2600, A0 114 Firs. BOKERRT B
ORI AR B TR R, RUBCKERR AR TR . BTkt
BV ER (A8 A B 3L SEE R IOR R, Zhu AN RA RS BUTRIET MR
LRESOAR X F B R BoTiR A, B RS RN 230 meV, BIFERICKEEH
FEH, T ST RA BB . XL R N T 2 EHL s PR A
AAFRTHZEM TR R ZERAL S 1 7.

a T T T T
T T T
—_— '.
3
5
| oy
3 =
s 't\ = '
> -
2 —er L
I \ 0 2 4 6 8
= 0.25 | P(chm )
KW em™
A %

230 232 234 236 2.38
Photon Energy (eV)

B 114 (a) £FLHERT HRRESBHA T (b) BIADLEEE
Figure 1.14 (a) Photoluminescence spectra of continuous-wave lasing in all-inorganic

perovskite microwires. (b) Corresponding optical images!*4.,

142 SRERRA S AR F

IR, 2L PR B R R G AR (light-emitting diode, LED)
R BRI R G 77, MB35 4% 7. 2015 4, Song &8 AUYLESEF H oML
By ek B T A MR 7 LED &40 i 115 (a-b) s, %8 HEIR
MR RL B RT R R SACEBI IS ATO) . LM — MM F1 53R £ Aa M
2 (PEDOT:PSS). HZ MMM (PVK). CsPbXs B4k BT A, 1,3,5-=(1-%F &
STH-ZRFFBRME 22 (TPBi) A LiF/Al. i, CsPbXs B S NEN%E, TPBi
ERREE BT, PVK ZERSRIEERT /SRR, AT AR B F AT E
CsPbXs BT AP E G 4E . 1% LED SR M ETHES SRR AN 0.12%
1946 cd/m?, #AFRRHMAREE, EEadisd, B, 4. B=0R68EH
fdriE (national television standards committee, NTSC) Z 4k, BARHANE T
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SN ERE” CsPbBrs KB/ 1 RIS 1T T

FHEMFRT, (B ERGET MR A/ BB “5HELA

2018 4, Yul""5E A Gt Hi i RSB, RS M CsPbXa 58k
RS8R EA s R ENEOEAE R . H#% 1 CsPoXs Tk iy FEdh R I
R IR, RO OB, ROGIEIES 72 HI7E 425 nm, 531 nm 5 706
nm, KHFEEFREME ISR TR R B2 RITTE, CsPbXs MoK FrBEHL 7
MFBRE EE, 1E2 R =F CsPoXs ek A iLtesl s, B emmin A
o FEFR MR AR B0 RN, BRSO T @ e 0 XK, ank
1.15 Ce-d) Fam. X it 72 Bl RO MR AR T — 10 &
D TN L Ao

-
TPBi

QDsmnms e —

I
=
=
Emission intensity (a.u.)

0.0 , VA _—
IT 400 450 500 550 600 650
d Wavelength (nm)

O

ﬁ

%1 s CIE 1931 x,y chromaticity diagram

1 AR o

3000

2000

1000

PL Intensity (arb.unit)

Y

450 500 550 600 650 700 750
Wavelength (nm)

B 115 (a-b) BRATHSET BT A LEDM, HER: 1pm; (a) LED $EE TEM
B&: (b) E4&ER5SHMYBBERIENE; (c-d) CsPhX, BET E & 4Bt
(¢) HINLEHRZEER; (O XRHEEE
Figure 1.15 (a-b) Layered all-inorganic perovskite quantum dot LED!™, scale bar: 1 um. (b)
TEM image of the cross-section for LED. (B) LED devices and corresponding
electroluminescence spectra. (c-d) Photoluminescence of compound CsPbX; perovskite
structurel™], (¢) Photoluminescence spectrum and optical image. (d) Corresponding

chromaticity spectrum.
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H1E #ik

143 B EHATENNAE

T KR PSR MR B B R R B MR RE 77 R0 s ) B T8 =,
DA TR S FE AR AR R, A5 2 K PH RE R S0 BRI 8 2, Rl B R R
AT B AT, LA HLIEHIE & pa 3 B a5 7 A4 Al )= AU K FH RS HRt
Heg B o EE 221 %P HFEVLEENAER RS T 228K
e B A A, A R AL U T IRk AR . 2015 4, Hodes 55 AU A R 42,
B R4 NPT CsPoBrs AR A T OKFRAEHIIE, H CsPbBrs LT 1%
e, SRR AR B RAE S 5.95%. %K IBREHM BN EIRE A, MR
) BRI A FTO BiF5 . mp-TiO2/CsPbBrs. CsPbBrs 8. spiro. Al, WA 1.16
FrR. NS ERET CsPbBrs 1 e RIUE . A ROWERTH T Bt R Et s
A, (A RERIC, Fts 2 TR T ZEAB OSSR 15 R AR
PERE M TR T I BE B 1R R

Scan Voc Jse FF | PCE

direction | (V) | (mA/em?) | (%) | (%)

FWD 1.28 6.24 74 5.95

REV 1.27 6.16 73 3,72
PTAA

| ] 1 1
% N b NS N R S ®
A T S WO

Current Density (mA/cm?#)

00 02 04 06 08 1.0 12 14
Bias (V)

B 1.16 (a) CsPbBr: 8540 A PHAE R IBASAFROET SEM ElfR: (b) Z44H I-V &5

Figure 1.16 (a) SEM image for the cross-section of CsPbBr; perovskite solar cell device. (b)

I-V curve of the devicel™,

IEFEHN T4 RS S5 BAE B as m nu kL, AT LR AR S B SRR RS
UTH, Joselevich 25 NVSHRIE T £ ¥ R A+ B ESHIRE, Sl&me
grr 5 2 H AN ISR CsPbBrs F5 B 41K ER . IRFDGIR LA IL 50 um, s (Y
AIVEGIK, MBI R KL P m R iR, AT & e FR RIS,
AESITERINE 117 s XEH R T A E M ERD G, RIS
SRFEIE N, AHF HE R SRR RSN, BRI C A 10°, B HRER
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A TN CsPbBrs oA B AE S R S R R 7T

S80 FF 5F BRI RN 5.2 ps 55 3.2 s, EL AT 06 7 5 P St HH D E B
RO

da
60 on/off ratio
40 photodetectors based (order of
on magnitude) rise time  decay time
'<— 20 0 3
K- I few horizontal NW- 10 10 ps Sps
E O arrays
5—20 =Dk horizontal NW- 10° <0.1s <0.1s
@ —90 [mW/cm2) networks
—220 [mW/em2) fused films 10° 035ms  126ms
—60_5 432-101234S5 films 10° 30 ms 114 ms
Voltage [V] Time [ms] thin films 10* 430 ps 318 ps
00 bulk single crystal 10° <100 ms <100 ms
bulk single crystal 10° 20ms  30ms
g = : < monolayer and few- 10° 19 ps 25 ps
= b - layer
g 0 — ‘Cfu—s.zps nanostructures
=k t colloidal nanosheets 10 17 ms 15 ms
_50 =9 [mW/cm2] E .
—38 [mW/cm2) i nanocrystals layer 10° 24 ms 29 ms
=115 [mMW/cm2] o P e
T d—— i .50 single-crystal thin several milliseconds
54-32-1012345 01 03 05 07 09 11 films
Voltage [V] Time [ms]

B 117 (a) AEJEET CsPbBrs #UKERE ERMARAT 1-1 #HIZR; (b) X MRt RIS
EFAETENE: (o) ARESH CsPbBrs ST BRI R4S 5™
Figure 1.17 (a) I-V curve of CsPbBr; nanowire photodetectors under different illumination.
(b) Corresponding rise and fall time of the photodetectors. (c) Basic parameters of the

CsPbBr; perovskite photodetectors with different morphologies!™).

L5 KEXHARATESEX

AL BT R PSR AR I AR R I Sy, Hs IR N BRI T IR T SREATR
ZRE VL K 2 BRI, ORI Ot S B LR AR R P A ER AR &
A A B BRAT A B TR B RS AT R W I 7, 7T DA 4 B VA B30 2 1 OR
DU RFPE B TOR e . HORBESEFE i, JRE A B B m R, Sxflx=x
BRI PR A B (R e s A S8R KT

ASCEEHREEL - R B, R oL CsPbBrs #54k0 14
Frebot S YA B AR R is s ek, AR, A3 T CsPbBrs §54k
W e B R S B U T RO R4S, JRIRYL T CsPbBrs Tl &5
IR 20 AT o A ST AR T 3 854RA 14 R AOEHL B, it
R IR Ao AL IR R A R IR BUROE AR 0L T BB S HUE . A RAE A E
AT EAST Y BATR 7 |
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F1E 4k

FoBAER, TEND T 2L =W MR Z A HUR A S o
JUt i, TR EE R S 7w S N R AT 7R S

FH ARG SIS ERIET R, AEE TR, CsBr M
PbBry kL, fEARER IR _ES] & 2 EHLAS BT CsPbBrs MUK SRCKAEF R, I
SR S B RAEA 2SR AR EEGAT T 4.

BEEE A T ST CsPbBr MUK F 5 R MM EEA, 8
LRG0 PGS SRR, ORI SEEL T BT L ROT B O T
O R AR, I RARE T EANLER, SRR AR BRI REE M O R A AR AR5 B

HEE B AT 2T CsPbBra WOKER I RHR 2 adetd, 1@ 5tk
ROIIER R T ROREE R I RIR KO RS, AL T T A RIRTOL £
Bl

FEEASXMNEEERE, 88 TAXNEEMRTNE. HEMEF R,
AR R —H M AR R R R .
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E2E ELHSEA CsPoB MM & 5 RTEFH

HE2E LB CsPhBr: ENHIE S RIEFER

2.1 SEIRER4y

M & R, RSSO TTRRE S & M P B R (RO il
AESE) RIEOGE, ReVafE, BAERNLERREMEMRMRESHE, B9
Aoy, MEEMEY, AT RS ERL. B ERITEALESHM
IR AR ] 8 AL PIERT CsPbBrs WOKE /B, BARSKE 7755 2 B Z% Pan
il Song AR TARNS S, LA ARl RMEE. RMNIETR. WRA2E. #A
TUE . W& B EL M S A ST B MR R TS S R P AR o . 18
2 RIS BOE B H BAT TR I ] 4 S SR E R CsPbBrs oKL /#R HL 5

2.1.1 EIEF 51X EE

2150 T SR8 BT BAR OS], B iRt B IR R D R N R R
RER OB RARIE, A, SE7KELKIEH T RIEFBT.

& 2.1 LR

Table 2.1 Experimental reagents.

B FR e B T8 %) G

RALET PbBr, SEER S 99.999 T b B B 25
BALSE CsPb SRR/ ES 99.999 i 1 B 2 L
B CH;COCH; TR AR 99.8 LigE#HUE A
EBETK H:O AR EES B 1

FoK L EE CoH;0H T RBEAER 99.5 b E LR
B Si 2 FE5 % 280 nm Si0; Mg RIERE R

R 225 TG AT TS 58, AT AT RNV R
WRARE, BRI RS TSI &85 B

22 LRUBERE

Table 2.2 Experimental instruments and equipment.
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TS ERET CsPbBrs TR B/ A AC R s Yo 4 PE AT AL

B % 7R ZiiRs) CVRI I
BT R EX4237H L 3]
HFERETIAEP Furnace-1200 °C FE T I S g A
B R R A Z1-02 TR e
MR S-4L FOHE T F S a
A D60/53+1000 KT 3 sk e

EaEE P R hERP. AR, ET5RE, A5 L. BEREI. a4
BRI Z R, ik 2.1 Bras. H, PR s S In AV E A 1200 °C,
B E T Bm 5 5 B A 0-1000 seem, B 25 %R flHAT 048 P fe 16 E 584 100 Pa.

& 2.1 Furnace-1200 °CEESFAE AN RS

Figure 2.1 Furnace-1200 °C vacuum atmosphere tube furnace system.

2,12 SIS

B SSAB I L] % CsPbBrs Ok By, LR ARSEI BRI

LR AR (10 mm<60 mm) fRZHAE . ZE K. ToK 2 HET 10
min, HAHETUR TR, K ZEBEFESME R (40 mmr10
mm=10 mm, BEE 2mm), FHFBMATERFEAN TR 2h, HHERMNEDS.

2 7 K P BIFRE 2 mmol 1) CsBr 12 mmol [ PbBro #14, JiCE 7E°F
R F A LAL, R 2R RER G5,

3HARERY, BHAERMREELCAEENEDL 6 em 4, B TAEE
A E =M, FP RS RN R RE N DO, HEAREME, A
S5EPnAX b LES, WEREENE 2.2 s,
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2% SN CsPoBr M MWRIEI & SETFR

4 FHAEE REN, ARAETSEMES SR EENEEN 10kPa, EE
AR AU P E P FHE S 600 °C, FHERIEI 55 min, FHER BRI
WA 25 scem; 7R 600 °CRFEERM 30 min, S MR EE SA A AR A 60 scem;
FHEM B R B B T B R A A P R RZERRTE 10 kPa.

SRMNEEHE, BB ARAHESIE, ARG H A 3h. KB
SAMMETE, HETIHA RN IR, AR RR MR RIS TS
B CsPbBrs AEMIFE S HI& 2D, RERGELE ., SRS 35 AR E

23 o

CsBr, PbBryay LR

L ] =

H 22 BASRGEHNEEREE

N, e— — T

Figure 2.2 Schematic for the position of the raw materials in tube furnace system.

SR B JE 4% 10 kPa
600 - _‘__/:____|60 sccm
FHEFEL /) :
O 25scem/ | : PSR B B
=~ ! !
) : ! 5 scem
| \ ;
I I
1 I
1 ]
1 1
v L] S— A $omna i
1 ] 1
i | |
55 85 265
it (8] /min

B 23 fl&dEPEE. SERESHEIRXE

Figure 2.3 The relationship between temperature, gas velocity and time during preparation.

W& ERET, EAESE. IAIRE. NI EL RN RS S A2 R
IS I AR B RGN, AR 2 PR AR RO INER 2.3 B
HEEEABHEACER S, A RAAE Si/SIO2 KR LB & HANFES
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ETHBRY CsPoBrs A RBERE MEAFHIEHA

2 THLESEN CsPbBrs &, HEHOLFERAWWE 2.4 FioR. EF, HokER
Sk SEMENY RN ST, REXRE, 2R, R, aTfF
JE AN R ZE R B SR

#£23 FRTVERPNELSESHEHGS

Table 2.3 The growth parameters and morphologies of the perovskite samples.

Fr BEHNER i [ JSEI [8] J5 7 it

= ’\ =%
£ (kPa) ) (min) (scem) LRt
= Ty le SEL z-rii
1 10 600 30 60 i Emf'.”._f_
anli B
" 1 600 30 60 Y i S
- . B
. R-18gK, #
3 30 600 30 60 0 T
Rt X MEETS
4 10 500 30 60 Ao Fie
)|
RS8R, TE
5 10 700 30 60 o
RSF8), 45
6 10 600 10 60 j - .] il
pe i A
TR, 4
7 10 600 60 60 Tl %
H— i f{ :I:.:J'ﬁ
8 10 600 30 40 G
Y, i
9 10 600 30 80 B b

EIG R, FRF Si/SI0, # IR R E A R E, CsPbBrs F58kH 3H i %
F, FEECRIRERRIE, REEHHCRFETHR B SOREARR TN BRpGE
¥, CsPbBrs KBRS R SU/SIO, #H R ITARIR E 219 300-400 °C. BT
B R A AN E RE R B HEAE, FEESREES, HREE 5 RER
[l m ERERREAE—ENER, IR 2 0 H 5 B HOR R e
P4l & FIROR LS HOR A 9 58 5-20 pm, BEA 1-4um, BOKE/&R]
KR 2-30um, wmEFE, AlERER BN A -SSR, BENEE
EREESFHE 3R 1.
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E2E ELHSEA CsPoB MM & 5 RTEFH

B 2.4 Si/Si0» #1ER T AR A CsPbBrs F KT &

Figure 2.4 CsPbBr; perovskite microstructures with different morphologies on Si/SiO,

substrate.

22 RIEFER

2.2.1 PisBEFREME (SEM)

T MR (scanning electron microscope, SEM) A H T x4 ) (195
AR ST RAE . HIE R A @A T R G R AR W, B R
R ZIREF . HEEH BT SRS ES, MERRIFHITHRARE, B
BE R aFas. TR, SIRMBEEZN A, TG &MY MR 4
TSR Ii X STERAEE (EDS) B4 B 7 AU AL X A8 LXK R4t
IT5 4, B 2R d T 2P RS (5 B AR A H AT A A Y ISM-
7800F Prime AY37 ST b AR, WA LAEAIEA S KV,
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EFAFSERT CsPbBrs UK B/ A R 6 2R R BT R

E 2.5 ARMETFERE

Figure 2.5 Scanning electron microscope (SEM).

222 X BHERTTH o7 (XRD)
X SHRATHAL (X-ray diffractometer, XRD) # Fi T &5 EH A8 5 17 <

Py A 245 40 1) 0 o R SRR R S RS R o 5 LR R P SRR R TR R T A
MR AEFRGT ™ A R RE IFRHE X 5128 (0.01-10 nmD . MHHIE X St &idid &
PRPERET, BT SHEHE T @A EIRRAR L, RTINS, TEM B
PRREE T L IR X SR ATE SR A0 I0hn . R AORT B R S iR R
TEXTEL, B AME B HE AR iR i), SRR, MRS ETEER. A SCRHEE
B TLATF M AXS D8 Advance BUKy A X BHRATHA, MIRAARA Co #E Ko
# (1-1.54178 A), 300K.

P 2.6 X BHERATHMR

Figure 2.6 X-ray diffractometer (XRD).

2.2.3 ES-RI IR

S Sh-A] TR OGHE (UV-Vis spectrum ) Sz B HEFELGAS [R1 H0 F 1kdi
AR, AT LRI KRR A SRS TR B DA T IR E SR AR
AR A FIRR B EARL AT, NG Faa BRI, T80 T8 BRI B A R e
AERIME BT A FERE oy A, BT AEATIR SRR FTEER,
TGRSR B AN AR A A S 0 1, e St i 4
ARk, BIAIS R AR AR OIS . AR SR AR FIE 2258 18 24 F] 8 Cary 5000 7Y
A=) WAy YO, A4y A 400-700 nm, 300 K.
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B 2.7 R MAabeE

Figure 2.7 Uv-visible spectrophotometer.

2.24 BRI ERKE (PL) I HE

JEEUR L (photoluminescence, PL) Jhiff, HEERE, I HMEERERA
BRE, MRATEFAESRTIBES, FEMTETN. HTEERH
HAEA, ATRESHMBE TS AEEREN-RTS, BT, dTaTEaE
A, RN T e EilaeRingg, ERER CF - ERERERFES, Rttt
¥, EEABTRESR. FIAMENENEENTOLESHEI 44, AL
BEIFEE & SRR PORRE O RERE, AREUR E. SRR B R
FETARBIT . BBk, BRE. W THENE. FallfNEeaREEE, X3
eI AT B R RAEF B .

ST o )& B2 RS SR CsPbBrs UK B/ S iedh B9 R T Ok 2R,
Sttt 8 R AT IR, R EROLERSIERE R . RIE EHENE
P EN A R o El 2.8 BroR. JLEE (A HORIBA 23] H iHR550 B b
{F0 InGaAs R 2%, B-&-EF 300, 1200 0 1800 Z4&4 FRR A, ATLASERK
i B LN B R R S R RIER T, EL E R EUE R S BB AR R
it B RS B8 (10x, 20x, 50x. 100x), BAEMHE I EEH 1 um
EQ, TULMARUMEFEESHBESHE. RN EREPMASLKRE SR
g, DS o TR E R S R 8 T BE RIS E SR 4 BE,
TEEPF Mg n , S ERE, HREMmpRR & o MILENTLE THx
RE sk S HALAL E, AT AT LS B A S A2UR, i a R i B R #E 5.
MARGRIFER S A Montana A FRIEAF A EETRGLE, KeXRER
e E MRS, ATELSEIE R AT T 10 K-300 K A FEEM & LEER
JEIETMA. BRSO EB =R G, R MR T A KA R
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mapping ¥4, RECHE fh AR X o6 B

a :_ REtE  AEB BEE
iHR550 J— f x50 )
R AR - ' Ca)ﬁMﬂ

EPEa ' B
R e

E28 (a) ERCEOLENRRAREE: (b) BRIBGEEESHRIOEENRES
Figure 2.8 (a) Schematic of micro-photoluminescence spectrum measurement system. (b)

Home-built confocal micro-photoluminescence spectrum measurement system.

225 ARSI RS

R4t RY S PL A BB LA 7k B A R R RO B 5 R R IGHE ML S
SIS S, ZITREEN T I a MENE R . 4 TIRABAME L5 YR
AREARF, WEIFH & A AR AR SR FDEE R E 20 EE . R EEH
e, ZRBRKREIEN, ST 58T R AR &I = — MR kY
FrETHERL T, RIS TR AL BT . DU SR AN B Py 63 AN R A DG T T
DERAEEA BT R BOT Rt RS B S B BE L . LA B-I 8 EREE
ol BT ARG BOCAE B AR 1 i 1 O ) S22V RR 1 HRR BVA R 70 ' b R Rk 52
HIE, EREERETEA, BTREETAREHNYIESERE k. BITIR
L, FP e T RICBOT VIR o &R E kT HARRR T F SRR R A
6, WRELLT AR
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k//zESine/hc (2-1)
H E BT ALEOTIRE R, AP IR EL o NEEFILE. H,
HURERE b5%MA 0 2N — X RS R, WFA e ELRTER 5 AN A
NS TR BT AL BT RS &R, I ELEAS BB N Ot 59U/ &
YR E R RIS 2
S IRATTH A FE e e iR R, S5 R RRTOOGE, IR
(1) CCD _EWT PASEBURE A ) A R e 5 5 10—k PEcsE . B 2.9 W FAT 6
AR A 2 B TR R SR E B FERA R R RO E s 2 WA
J5 » B SR 2w 6 B A R L, S ) &2 1A] (k-space) (9563770 A1
LT MR R ARG ENEAL. Hh, BEMYEREELE (NAD RE
T FIAT S UERA LRI R A o FEASESCHY LA, FATT R A T #E L4278 0.8
A 0.4 BB, HO R ISR M B 453, 1°H0£23.6° X NASFIA LR £ 22 1A]
ot oA, B NmEGHRN 4 SRR, RERBIFRGE R
-4 CCD #illas b, BUWTSRAGHE b AR 20 # 9 5K 0t mapping 61 .

slit i
Ligd P|nIHoIe

Len1 . object
; 1 sample

sysier

PL spectrum f2 2 % f1 f, D ;| Emission
t il spot

urier Flane Real Plane rFourier

B 29 AHBEHZHNAS PN RGERET

Figure 2.9 Schematic of angle-resolution measurement system with Fourier transform!”’\.

AR SR T B0 AR O R

(1) He-Cd ML HOERE, WK: 375 nm. EH T X CsPbBrs BAHE T
EHCTEBK -

(2) ArEEEPEOESS, WK: 4579 nm. & X CsPoBrs UK AT
SRS EUR .

(3) 1kHz BRFA Rk EOLE:, BAC: 400 nm, EEHE: 1000Hz, Bk
B 100 fso &M% CsPbBrs MUK HLA T3S R iR
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F3E CsPhBr: KRPAEMREEIER

-

3.1 B

il

ILAER, MR A RN S M P 56 B0 B AR LA A RO TS| 1R T
HHERIE. BT REWIEEEARS, RIEER AR T SRR TAS
RERRAD, SE5YRKNALERRT LA AR, e 5EMe. JR4T
BT s8R A UGS, 6T BRT SRR — R e R R T, BRI
WALE TP, BT HRALBOT R B (- IR vt e, B A R
BEMEKAATRKESRES, IrEdnRe-2RE0EE. B1ERERK
N, BREENETARPY, ERLECE. BETERESMNSIRAEAEENN
HHE . ZRSUET 3R A0, MmN, AR B S R R A
AR ECE, B Purcell BURUS 3, RN R — SRR & MRS,
DUR B E B aa 1 1l

SN P BT CsPoBr MRLEABUNHIR T RAREEIR T2, £
FRPAI KR EFE, BEHHERGERSME, WRIET 3 (50-90%).
KA AR AARFE . KR T3 BUCER, o i = TR (R 2311 28
AR RS SAR TR 4 1 CsPbBrs RUKHREE R, B RIF 04 S,
HEARN TR mE, %IRRT EEAR B2 RN, HaEx
R ST A BRG], it — b SR B ot YR KA AR AR L T A A
At

AFE TSR R R RN R, mIp Ao PR (angle-resolved
photoluminescence, ARPL) St AR LA HAEARAS 9K R AR HIBE B -
&K (energy-wavevector, F-k) BHUIRREFENFEMNFEL, EXERIEFLEY
FOM EAF R B AR E v E R . R, RIS R a i EREnE R,
NS B 1 A M, A R T PR R . Bal, 59
REETF# FEA AR ARPL L4 7ERT A AR ML S R, ML T @ 1™
N5 TR S T M B A A0 T T O Bk A . H TRk B AR
eI PR R, TR e Lo = A IR AR R IR 26 60, BB T2 RN D' i
B 22 n] LLEL BB R 40K R RO LR 7 AR M B2 1
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A, BATHM A EREIEER RO E, £ CsPbBr ik
R EZANE 7T RACETT G RE, R T EET T BB
WEIR, EMCKILN S T 2 IRREDE T MBS, B8 7 EFafn i
SIS S o BN TARE ST R R P SLl 7 AR & R38R & 1
Feit, NHEAEZESICWAEESERNA TRt T EEZENHE.

3.2 NEFME

JEEE AT LR B IS R GIE A, H R BIEM R Sk, — el
WOREAVR ELL . V240 B-H T 1R E = H AT & 8 AR S iE =, 1897 M
i E YR 5EAT BAIE S W A, RSN E 3.1 Pros . FP WU A e — 2 B
B LRI TEE T SO My R Mo R, A ER AR R fl Re, I 7 354 4 3
Moo B B0 My R My MESPAT, ABR(R 7 oRgE e ok E R . BRI
R TR I B LS8l

-1 -
T /1+(4F2/n2)sin2((p/2) S

Ho, oAy e EME AR — R AR, R SR
=4l /. (3-2)

F 4 FP s UGl = 5 = 308!

1/4
p-TR1R (3-3)

1-JRRy
HARX3-1 FTLLEE, Zel 2af0BEfSR, ERE TET 1, WAL T I

IR, TERHE B TR A AR R . 1RIE AR 32, fEdt
BT, PP SRR LRI RF UK 0 RS, B2

2nL.=mh (3-4)
Hob, m oA ERE. R, FPAURHIRSK L 54 FRAGH BT n 5 TR I03E
PR SIS A SR
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R, R,

| a2 : —
M, L M,
K 3.1 FP M E AR E

Figure 3.1 Schematic of a FP optical microcavity.

HERW, SeFHENREHMERET (quality factor, Q) KFRiA, HiE X

79
Q=Hg (3-5)

Hop, ORISR R, SR B T BT e S . RURT LS U
ARV % S TS A CsPbBr WOKHR R FI2eds, Ind T8, /£HX 25w
T[] ] 712 i R 98 B & T VAt - P B IR UIE . S5 & PR B S I i PR B A
B FINF BRI, ROt S R @ R &R, P ARNIOEE
s o T [P (B S St FF LRI 9 . IR BRI BB DO 28It 1 R4 e 24 T8 RGBT -
TETERNZ, CsPbBrs B RLH R OtUEN B — M 1E 530nm 775, K Hof R
FRCKE FP RO I — M 225K 265 nm BA F.

33 XEVIREEER

FREMES, trarhEEN-e BT, ZIREREKG, BRIEETW,
FHENT EFEEBESER Tre NTA. ATHEENEFMER, FHEMRHE
TEH, ST R-E TR, BIECT . RP BT R s B A A LU, AR
R RRMEERE D, ARMES, BrEESAWE, RILERET
(Wannier-Mott) Fl 346 ml /KT (Frenkel) o FLJB /KRBT HIL T LML R,
WBE HIRAEARE R, R 2a TR ENSRER, FRER
TR B EAC AR LA R R ag, X AR A RER D . IR TR B T AN R,
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LIEHLF LN CsPbBr: HUA By K RME L RHEH A

B A ERARERERR, HETFa5 SRR S5 Uiz, 254
TEPERHLERRR, BrRamil. —BoRi, BTN EEFRNE®R
MEAERK AR TR, BT A s S e . X T ZECE M B SE
PR, FRiR A S iR T IR AR, AR B R A e R AT S T A
MENREE (>26meV). R 3.1 43 H T WA EFEFH R AE T RARE, WL
FHAETTHFGEE" CsPbBrs MR T AR A T =/ T RIahae &, 5E&5
FFEMR AL B AR .

31 HRAEME AR KA

Table 3.1 Band gap and exciton binding energy of common semiconductor materials.

PR HWEE (V) WTRBEE (meV)
Zn0O 3.37 60
GaN 345 26
Cds 2.60 28
CdSe 1.80 15
GaAs 1.50 4.2
InP 1.40 4.8
CsPbBrs 2.33 120
CsPbCls 3.10 72
CHaNH3PbBr3 2.30 65

72 CQED R4 7, RIEMEETAEZR e rRENMRSRENER, b5
Yom A IR T B B2, BagA & B agita . 2ibE, St5WROMAT
ERBE LT EAZ8AE: MiETOe TR IRFERE, MREER S 50E 2y,
DRSS EHRMAIRE g 0 FMBARRT, Dot EREEMRETIRES
SR (REESHEE) KT 0T MR AR AR 2 g T AR S s 5ed 22, Bl
2 g, RGETHETEMEX: RZ, BHL g<<@wnit, 57
BERERT, RGN THAERE. B32BRTHRAEX . HMEX EHIE
AXFERGGEERTESANHEN, BREXFREEERT ST BERN
TR, B TAMERERS], U T EREN 2R R I BRI, IR R
BRI, SEEXA, HTFAEYROESBRER D, TEERE AR
B, REUIFEAT,
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10'

Weak
Coupling

Bl 3.2 ERAX. A X RI0I X B R SRR R R 5 o A F A 7
Figure 3.2 Phase diagram of strong coupling region, weak coupling region and their critical

regions as a function of system energy broadening distribution/®"l,

331 BEESHETREET

LREETE SV R MBS T RN, RE0HTRMBORE. 1
B EIEENE, RGBT, B SRk,
BRI RGP A F AR B TSSO T, BBEAR T AL T Z A B3R
PRI o I AT A RN B A R BT R AR D A, AT
TR . BRI LT A, A R R S BT R AT LR o 02 7T 88,

Eexclk ) g
Hik ,)= Een(k,) (3-6)
X B H)BE B AL S AR A
H(k , )¥=E¥ (3-7)
i 24 SR AR A O R B AR
EUP, LP(k Vi ):% (EcaerEex)i % \/ (Zg) =t (Eex'Ecav) - ( 3-8 )

Hep, kyAHAER, g AR ERAE ST EEBE, Ea AETERE,
Feay AT G T HIEE R LI, B80T RE B 00 TR e B B AL T B A (1 e
X MT R, RGINEEEEF AT LR S T e, WE33 . 4
PRk R T TR EN, £ TR AT MR RN R A B G IR
B L —, RSk R E E ORIty % (Rabi splitting,
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2¢), FALSEE Y FAH BAE SRR R D

1.615}
1.611
1.605}
1.6}
1.595}

energy (eV)

1.591
1.585}

158}

0.5 1

B 3.3 EME BT RABT K EREST S T RE
Figure 3.3 Upper polariton branch and lower polariton branch of exciton polariton in the

strong coupling region.

FERR, Hopfield 2% AR B AL TAR A oo BT 7 A0 17T & 1Y)
PLEE, R A LA T R R:

2

|Xk// | :%(1+AE(1{// )/4 ’ AE(k// )2+4g2) (3—9)
2

|Ck//| :%(I'AE(k//)/,}AE(k// ) +4g?) (3-10)

A Xe | MCk AR B MRS, BerfAD i SR E, Hige
X |*+|Cr =1, AEGe)Fon @7 A PRI R E 2. Bk, b FRECT BT
ASEF M L EGR T BT S R REE K, HAEARKIEE . Brkie
oo e EN AR MiE. B 3.4 BRARE-ET R FETREOCK
G Ze ANXS 2 B F BE SC Hopfield HE(P7, WTLUEH, BEAE -7 R = AT
n, By AeBoo MRS BT I E o BORECR, BREE ORI, By R
THIH AR AR, RS R A RO BN R AR, FEBLE AR B
PR s o

36



5 3 B CsPbBr AR POt SR A EAEA

@) dispersions Hopfield coefficients
a —1
A\ / T
— \ E k) / I
\, uP\ 4
i 1.66 \ \ /v’
= \\_\ /f/
% 164 Ecav(kli}\\t‘*-\\ = 7___,.-"',’// 05
c ~ ==
) E, (k) 2
162 Fo i W
: o 4 s
5 0 5 -5 0 -]
o 1.66 : "3 =11
N ﬂ“_\ [,-’ 4
% AN _';f
<, 1.64 AN Vi N A 05
N\ / < ¥
% \:\\\___ N Sy f./ \\
& 162 7777\):_ -i/:,,, /
X
- —0
5 0 5 -5 0 ]
© 1
1.64F \ Y
; \\'\ ,I /
FoF Y /1 \ /
- VN /,-‘ v \
D 162 L N /,/ l‘..‘ 0.5
i “laspnsTEe o s - -
@ X ,/., / e : 7 a_.\
16 PG ¥, N,
H 0 5 -5 0 5
R | -1
k, (um™) k, (um™)

B 3.4 AAIR-RT RE TR RACEOT F G RTH ZRFI X BIR T B85 Hopfield R%L, (a-c)
MR- W F R R: -0 meV, OmeV, 80 meV
Figure 3.4 Dispersion curves of exciton polaritons and Hopfield coefficient of corresponding
lower polariton branch at different cavity-exciton detuning, (a-c) corresponding cavity-

exciton detuning: -80 meV, 0 meV, 80 meV 271,

3.3.2 $B4RE 5 Purcell K

MEERACE YN E B ERL T RS TFEN, s RS R ERESIREA,
BT U RT T A T AR A R e B BRI R RS, e TR ¥ Re
M R, RN E KRS LT B e E R E 2, B1R A Purcell
OB YMRH B R S R R UK AR SR B, Purcell 3R A] B 40 T S48
i@ﬁ[&’]:

_3Q(\/ny
Fp 42V, (3-11)

A O AMERSFE T, o AMERAERITE R, Vo AERE XA,
Purcell KT 1 0F, RUIBLE KIS © MM B ZEHE; R2MTF 1
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I, PR BB EZENS]. Bk, BEARSRBREET O fIth KR 1o
MFesE o, AT AU SRR B SR TR

3.4 CsPbBrs AR BR LA RAE

=BT RAGEOT I B TR LB, Als R ERDEENE R EA R
REF AR CERFRUIEEE) AREFIREMNEE T CsPbBr: F55kH 1
BEZETEARAHNIRTIZE (~1.18x10Y). BT HEMARE (560 mev) B, FI
W RGBT =5 (50~90 %) 2290 [R I RATAH 05815 FEH & CsPbBrs ik
HEART SN R o CsPbBrs WUKE B A/ FOBLAAR, AT RAFE 2 B 0 22 A 35 THT A G
MR IRIZAD BRI VSR, B R A SRR I e PR A s i JE S
TRAEME  BRCT G T ) B RE B FARIE 20 T T 10 #F AOE 2 F180 T 1 4FR
HESh PR R, M BTSRRI R G TR, CsPbBr HUK AR =
Aaik 3.5 (a) BiaRe.

R T AR B S AR R B RS E AR R, AR AL I
FUZ A% CsPbBrs K. B 3.5 (b-c) ZTE Si/SiOz #HJiE ] [ CsPbBrs ik
B SEM Eff. R mai T, min N, sk, R 570 pm (K
D) x520um CREE) «3.60um (BE), LA RMBS]5ET - B CsPbBrs B
AT A2 A5, ROK R AT (001) BHE Si/Sio) WM, HFHBAE
en AR 0 B A4 E, H CsPbBrs @ik 5 Si/Si02 #1RAEAN [E) 45 & 77 o] b 2R
REFEZR, HFILEERZI 7 RA R e W =48 Misel, B35 (b F 8
R TAKEBIIEET CsPbBrs MUK G EIE, rTLAREL, ZHOGTE AECR I,
HOR JEPE IR AT 2 B S 5 I St R T
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£ 3E CsPoBo ok S RAEIER

3.5 (a) SiOySi #HEE CsPbBrs ORHAEREE: (b) CsPhBrsHOKk SEM B
S5R#%RER, HF)R: 1um; (c) CsPbBrs Sk SEM BE CRHEHM AL
BMst 300, HHR: 1pm
Figure 3.5 (a) Schematic of a CsPbBr; microcuboid excited on the Si0O,/Si substrate. (b)
SEM and optical image of a CsPbBr; microcuboid, scale bar: 1 pm. (¢) SEM image of the
side face for the microcuboid, scale bar: 1 pm (the substrate is tilted by 30 degrees with

respect to the horizontal position).

3.6 (a) PEATRHESIET XRD WHRAR T CsPbBrs KRBT SAH. A
B A A, FE TR AT SIS 5 IE 2248 CsPbBrs M B4R+ A (JCPDS
#97851) AHILAL, R BH 1l 45 ) CsPbBrs CKERIE IR N A A SR R4S H . IR,
SR CsBr A Pbl, S R ATATIEMIAFEE, WHESEARMMSESAE. B 36
(b) AR N CsPbBry Hepioht kL B e i FIARE L) PL 6% . AN o o] 0,
H %5 11) CsPbBrs A BITE 2.41 eV (514.2nm) 23598 (K06, H5%nIgIE (T
£ 233eV (532.2nm), HAEEHEMA 66 meV (15.1nm), E7xH CsPbBrs F i
BN R R B T R A e
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SIEHIAEERRT CsPoBrs (oK S/ A2 K R i St 2 AR

a CsPbBr; Microcuboid (220)] bmo - Absorption 4 1.00
—FPL

=, = )
= (110 g 0.75 0.75 a
. = 2
2 (112) J 2 050 0.50 2
= * e. (]
i —
5 : - g E
P=1 #97851 k=) =)

025 0.25
< Orthorhombic % =

J E gy ‘ Ik 0.00 L i L . . i ] 0.00

15 20 25 30 35 500 520 540 560
20 (degree) Wavelength (nm)

Bl 3.6 (a) CsPbBrs HKSL XRD #7451 EIE (PDF 7% H: #97851); (b) CsPbBrsik
S RBHOL S PR R A

Figure 3.6 (a) XRD peaks of the CsPbBr; microcuboids and the standard powder XRD for

CsPbBr: (PDF card: #97851). (d) Room temperature absorption and PL emission spectra of

the CsPbBr; bulk.

3.5 CsPbBr; KRR F S5t Fiaa S B EZEWN

R TERFT CsPbBrs WOk G SWRIVHEAER, HAAF THEE 4 &
I EENLHIR ARPL JE RS, FFE=RT (300 KD XFEMFTIE, Wi
TEEME3T () Fine B37 (b)) AERR JREIE 458 nm EELEAT
CsPbBr; ORI ARPL J6i8, EIHIEMI R 6 FiMMe A s ik i
TCRIEHHER, XTRT 6 FhAFIRY AR & 2l e 5 e (cavity mode, CM). iX H,
RHH CM BREIEAET R A B SR IEF R, A TROKLEE ¥ TR A
JETHT [T RS FP R < BEA& 0T TRALEOT BE B A WL AR R T Cexeiton, EXO
REE, MOILBOT O Rl 2RI TR0, ALtk fh e 7E M AR /), REIRCK
Bef CM M EX ZIEBRREE IR A Ak, 75 EH53°m] AIEEE] CM Al
EX AEEERIZ X (anticrossing) 1T NAISGR, #H—DRFEKMRSGEMGE
BOR N AL T IR & X
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Excited laser

Fourier Plane

Fourier Plane
Spectrometer

b wvin s Max

A LPData
m  CM Data
l CM Fitting up

—— Polariton Fitting

CM

Energy (eV)
Energy(eV)

08 -04 00 04 08 26 28 30 32 34 36
sin(8) Intensity (a.u.) ki(10'm™)

B 3.7 (a) BHIN ARPL GERGREE: (b) £&: CsPhBrfKkHM ARPL ik,
AE: RRA PLJEHE; (o) BAAEN 0°B, CsPbBrs FKE T RICBITH £-k X
T 5
Figure 3.7 (a) Schematic of the home-built ARPL spectra system. (b) Left panel: ARPL
spectrum of the CsPhBr: microcuboid. Right panel: The corresponding PL. spectrum. (c)
The relationship between wavevector and energy of polaritons in the CsPbBr: microcuboid

at the detection angle of 0°.

3.7 (b EEFHEAELRICTHORE ARPL 6k 6 E gy, ol Lk
FIFFBE IR THAY (coupled oscillator model, COM ) BER# TS (A BEL).
e b, B SRAGECT BV EET B DL A SR,

[Egex ch(e)] [E] =E, [E] (3-12)

Hi, B, AME EX E&E, Ew@NCMEEE, ¢ R ZENBEIRE, B, N
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THRACFOT I ARERE R s |al FU |G| 73 HI 20 B AR AL BE S0 T FIOG TR0
A, KA FP ks M EECS SR A 0 810 R T H BT 24 # R fERDY,

E
By (6)= 0/ — (3-13)
1-

Hol, Eo RIRNAE 0=0°1F CM BE R, ney 5 CM REE X B I A1 L5 20 51 28
FHAR (3-12) A (3-13), EAPERCKRIESE (3.60 um) {EH FP R
e, FTRAS R Rl 2R s AR AE . B AR T S SR e S B T A
BARRUEZH0E 3.2 iR 2R, BAMSE) T OB X R FP e Bl
(N) 4 34.35.36. 37, 38. 39, HAHN I #ibEon b FREST A pHr 3 (2g)
S3H°H4 338 meV. 317 meV. 305 meV. 300 meV. 292 meV #1281 meV. [ 3.7
(b) A EBAR T CsPbBrs fkIxt B PL S, Joilb 2k L Mg N T R4
PR BOT R . ABAE, BEEEAREN 219V HINF 234V, H
FEIE R 2 B 44.8 meV. 34.7meV. 27.5 meV. 21.3 meV Ji/ 5] 14.5 meV. X
S A 440 5 P R ) P 2 R AR AR /N B CsPOBrs RCK R 7 500 7k A
B EE 2 — B9 34651

%32 ANRABmENERHESHK

Table 3.2 Theoretical fitting results of angle-resolved dispersion curves.

CM (N) 7 5 28 R A3 28 (meV) Ee (meV)
39 2.5579 281 2.6259
38 2.5411 292 2.5755
37 2.5359 300 2.5128
36 2.5299 305 2.4506
35 2.5189 317 2.393
34 2.5089 338 2.3339

EHTESATRBENEEG, REERTASLTEACAETRY, &%
[ AL B B 5 046 T 3180 L AL SZ Cupper polariton, UP) 5 FAESZ (lower polariton,
UP), R R XHIATH. BT 2RI RH A BRI Bt B e, 3247
IRAEEEM ARPL Fib H 1581 R4 bR agutizk . & 3.7 (o HRNAE N
0°R} CsPbBrs WOk B BT AT I E-k Bk, B, 4GS HERR
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T sin(0)=0 AL ARPL SGIE (R 2R, BB EES COM HHERY CM REE,
KPR EX BEE. HEMAL Gy mR JERCRERA N (FRET D,

AEE-FT R T CM KB R RS T WALEOLH 25 %A &, RE0
FREXETFRESCRMHEENRZIATH. Bk b, REFHESTUHLTA
Atk

EUP, LP— % (EcaV+Eex)i % \/ (28) =F (EeX'Ecav)2 (3-1 4)
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Figure 3.8 (a-c) Polaritonic dispersions of the CsPbBra microcuboid with different cavity-
exciton detuning of -77.7 meV, -18.6 meV and 39 meV, respectively. (d-f) Hopfield coefficients

of LP states in polaritons, corresponding to (a-c).
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Figure 3.9 (a) The PL spectra of emission from the CsPbBr; microcuboid with the increase of
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pump fluence. (b) Integrated PL intensity and FWHM as functions of pump fluence for the
lasing in the CsPbBr; microcuboid. (¢) Lorentz fitting of the lasing oscillation mode above
the threshold at 30.11 pJ/em?, (d) Schematic for the mechanism of the lasing emission in the

microcuboid.
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Figure 3.10 (a) Schematic for the formation of the interference pattern for the coherent
lasing from the microcuboid. (b) Upper panel: the spectrum intensity and the simulation

result for the interference pattern of the lasing. Lower panel: the interference pattern of
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coherent lasing from the microcuboid in ARPL spectra. (¢) The simulation of the spatial

electric-field distribution by FDTD for the lasing mode in the CsPbBr; microcuboid.
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Figure 4.1 Polarized PL property of a single NaYFy microrod doped by Tm?'-Yh3'101,
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4.2 CsPbBrs iR AR FRAE

4.2 (a) ZAH CVD JEAE SY/SIO2 #E Ll 45 1) CsPbBrs A #E () SEM
B%. MERTAD, SORERES BRI SR, D400, Riuh v, 4
e I = BRI =0 B 4.2(0) J2 SR CsPoBrs oK EE Y X S 42t (EDS)
B, B RTEI, Cs Pb F1 Br = Fh o 3 £ 80K S b 3L 3 50 10723 (/153 A .
Hayarfrion, Cs. Pby Brfc& LN 1.0:1.1:2.7, BE A& LHLESERT CsPbBrs
R TT R LA (113>, SuihR M, # &8 CsPbBrs fOKEE K A 15-25 pm A
5, SGEN 2-3 um, BREEA 1-2 um, 2] RENE B 2SR FEAE R ST
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EDS BB &
Figure 4.2 (a) SEM images for the surface and end face of a CsPbBr; perovskite microrod.

(b) EDS energy spectrum of the CsPbBr; perovskite microrod.
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Figure 4.3 XRD pattern for the CsPbBr; perovskite microrod samples.
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B 44 (a) fRFOICEERNHELEEE: (b) B4R CsPbBrs F5ERH BACERE R PL fR1R G
i (005 90°)
Figure 4.4 (a) Schematic of polarized PL spectrum m easurement system. (b) Polarized PL

spectra of the single CsPbBr; perovskite microrod sample (0° and 90°).
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BESMRAECRE

Figure 4.5 (a) The PL spectra of the CsPbhBr; perovskite microrod as a function of

polarization angle. (b) Normalized PL intensity as a function of polarization angle.

BRI, (R4 SHEHCRBE R A RE B M S RRE R R AR ERR
FLUF AL, B— R —EakEs D, HBnTHE TR R
Beil BT WA e F TR ) MR, BIEF R~ (quantum size effects). ¥
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46 (a) CsPhBrs BEF KRBT EEArER; ) kS sarER
Figure 4.6 (a) Schematic for the crystal face and direction of the CsPh Br; perovskite

microrod. (b) Schematic for the lattice structure of the microrod.
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