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Figurel.l Crystalline structure of different dimensional perovskites!*!! (a) Typical unit cell
of perovskites. (b) Crystalline structure of three-dimensional perovskites. (¢) Crystalline

structure of two-dimensional layered perovskites.
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Figure 1.2 Different phases of three-dimensional perovskites (a) Cubic phase. (b)
Tetragonal phase. (¢) Orthorhombic phase.
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Figure 1.4 Photoluminescence (PL) and absorption of three-dimensional perovskites with

different ration of FA and MA cations!>% (a) PL spectra. (b) Absorption spectra.
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Figure 1.5 PL and absorption of three-dimensional perovskites under different ration of

metallic doping (a) PL spectra.5”! (b) Absorption spectra.[s8l
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Figure 1.6 PL and absorption of three-dimensional perovskite quantum dots (QDs) with
different ration of halide ions (a) Optical image and emission under ultraviolet light of
MAPbX; quantum dots with different ration of halide ions.!*" (b) PL spectra of MAPbX;
QDs with different ration of halide ions.[®¥! (¢) PL and absorption spectra of CsPbX3 with

different ration of halide ions.[®]
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Figure 1.7 PL spectra of three-dimensional perovskites with different components!®’]
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Figure 1.8 Schematic of Wannier exciton and Frenkel exciton (a) Wannier exciton. (b)

Frenkel exciton.
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Figure 1.9 Exciton binding energy of three-dimensional perovskites (a) Exciton binding
energy of hybrid organic-inorganic perovskites with different components.!%®! (b) Comparing

the exciton binding energy of CsPbX3 and other inorganic semiconductors.3%
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Figure 1.10 Influence of dimensionality to the bandgap of perovskites (a) The PL and
absorption spectra of different sizes of CsPbBr3; nanocrystals.®! (b) Absorption spectra of
two-dimensional perovskites with different number of inorganic layers./”®! (¢) PL spectra of

two-dimensional perovskites with different number of inorganic layers.[”!
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Figure 1.11 The tendency of PL intensity of three dimensional and two-dimensional

perovskites under increasing excitation density[8]

1.3 XFEMEERANA
131 SREFHEERAE

FESeRE R, S BRI ZE RS R 22 6 X S 2R B AR R B 4% oK (B () s 6 AR e
T AR SRR . el AR B REIN (A B AL U AT RN

U(t)=Ue™” .(1.3)

BE Up REFENIEREE IR, ¢ 26T I m, fdtE R EES
HEBFERTF (0 H), BRFEFLAWRERGER A RFFENEERN
AR FFTR LA 21, W SRR U7

_ _ (14
S e (1.4)

X H o B IIRAF, dU/deREEBFFENER . O EBATBIHE —PREN
He R FEIRMR O (R 5 %0 RO IE 58 BT LR . AR ROt m B T, &
TR E D JTE S AL B B ROFERL  BIERE N BRI, SRR
WA, GRS

BB AR F-P s, HMAMEHES AT TITIRER R
SHAER SOAHE Z IR AR AR (B 1.12) 0 SETERIA @ ST 28 (1 3m T 3] A Bt AT
BAERE, AL RERBIX AR ZE 2n. F-P G E — RIIFEPE,
B I BRI 2 A TR R

12



B1E 55

_ 12 ~ 22 ,
M= 2L-n, 2L[n—A(dn/dA)] 1)

XBARNIIRIGBA, n AREITAT R, B EKE L AIARARILR R K
B, F-P EAMUBEEE SR R EGEAE, iU RARERER. T2
FFEMR EABRRERITE R, HROKERGORE S B SR R 2 F-P flEIF
B2 T HIZ G S A0 F-P IR B0t

(@) ®

— Reﬂectlng errors Transmitted Light

-2
i | b
)
| )
1 1
i H
: :
1 1
1 )
i :
E— D —— - . a

B 112 FPRtERETERE () AESHE F-PREARE. (b) F-PREXIREE
i,

Figure 1.12 Schematic of F-P optical cavity (a) Cavity structure and F-P mode oscillation.

(b) Transmission spectrum of F-P mode oscillation.
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Figure 1.18 The influence of y directional optical confinement to the vertical F-P cavity (a)
Cavity structure and wave vector. (b)Discrete optical modes dispersion at either k. or &,

coordinates generated by y directional confinement. /8

FE—4E0 R 7 — MRy AR F-P ARG IR KR 246, BIE
119@FT7RE z T 1. Belt y, z J7 AR F-P SGRE A e R I A7 A2 00 2 PR, 2
KEBENEPRER. I =AEERERIERRMNEEUTRA:

T
Lx Yoz

kx,y,z\ =N,,. ..(1.29)

XEK Ly y N4 x, y FIARIEER z FRPKE, Noy: Axy, 2z HH
IR s ks, RN (1.25) BITR BB R, B 1.19(b)4 L~=L,~270 nm
f— 4 e B R, AR AR B e E Rak h 2 5. AR T

19



ST IR T SRTRBEEATIA

B A RB IR, 0 ) e PR A 75 S 4R P R R b 3, R FE (R
EXBEETH; TOLEKHNE F-PRAEEHF A IFROBMLNSH. [E
RS S, LR EHIIRIRE. ERESNER AR my,, A
[ m. ARRTE K A5 EEERRRA A, KRB THE N RN b PEREER—
Hflr/L,. FESERFINIRIEE] T HEAS N, A BER 8] FR A ' [l )4 5 B Al
B R T ARFILE R R A BT B AT LB o W 2 - SR RGN R R S 2 R
SRI¥ F-P U, 10 ZnO, CdS GRLER, i FHORL Min A EAMEFEA
[ M AR, EIRITIEE F T Mk el i F-P AR A L.

(b)

34}
.

3
3.2}
2
&30}
s 332
£ ~
28"\,
'

&
26

24

B 1.19 x,y PHEICERHIR z FE F-PERIBHHEMN (2) RELEWR F-PEIXRG R
BEE. (b) NAEBERE k, ARE AR5,

Figure 1.19 Influence of x, y planar optical confinement to F-P mode oscillation along z

direction (a) Cavity structure and F-P mode oscillation. (b) Different transmission mode

dispersions at k, coordinate.!s8!

1.4 HFHRLHT
141 RE5MRMEREIER

S 5905 A BAE RIS SRR, B RIRSE A2 BRI
i R T AT DA R, ] BUBIT RS O T o BRI T T BUR &
RIS F, LRETPRET, BATLLRB M EME RS E TSR
o MBRPCERBTEIR B B RE 7 R A SLIRET, S 5Y RIS E AL,
X T EIEARF B R B — 5, FIR A& R AR TR R s e
EF AR, Hp—MiE LR R RIS R R, R SRS ERT
HERRIMFE SR ROFEHOIRE, RERENETFHE, XA EWR S
e, MR —DSRELSERKITRERE, UETFRSYRMLIRMEE
EXHERKTENWRERE, W ERIENT SRR, B

20



g1E 35

S5YR RS . WAREBRERRNEESTEREG W FEIMERT,
TRFHERTA, BRAEoT, ERAFEMERFSHNEBNRES. BT,
BT REREITSE TR G 2 AN E FIRETT, T IRABOTiE S
WAL BT, nE 1.20 Fros.

(c)

“ Polarizable atom <IIIler Exciton S

" Electron cloud

Plasmon-polariton (PP) Phonen-potariton (PhP) Exciton-polariton (EP)

B 120 StSWIRKERAEHREN () FERABOT. (b)) FTRLET. (o BTFHR
HHTT.
Figure 1.20 Different kinds of strong light matter interaction®! (a) Plasmon polariton. (b)

Phonon polariton. (c) Exciton polariton.

WAL TE AP B AR T A PRI F R A 2 ke B0 1 21@)FT R, HAERER b
BESUNTIANE ST, RSB ERAR Y L BESC Cupper polariton branch, UPB) 1T &g
3 (lower polariton branch, LPB) . f¢RAIMHARILLES, CaERIAANES
BRAF. FESZL0 AT ARIIAE B 0BT R MR — B, RBERI S
SR E T S SE MR B S, i 1210, MR EIE 0 B —i5
S, SRS AR KA R AR B N B AL R A B T RN, B
REARALBTE B BE 32

a ) b) .
@) New hybrid () . oty caviy
light-matter — intracavity stom
states P .
Two-level o I Confined 3
atom P ~ optical field E "
e e SO S “B. ... e g
. (. E— g
]
% 02
: oo
—ee — Wavelength

B 121 SEREPRTHWNEEEES SHETRIREG KBRS (a) MHERITER.
(b) BEREFERIENE SRR ENE R LE .

Figure 1.21 strong coupling of two-level system of atom and confined optical field inside
the cavity(® (a) The generating of Rabi splitting. (b) Transmission spectra of strong light

matter coupling and empty cavity.

21



AR M T ST R S EMBI A

142 HFHEES5E
BT TR AR TR, B R R TR O8I O U R A Y R T
2. EEBEWL SR, FIRERREILM, WMTrrEshi iR T
M2 A BB R L RIS . T AR R R )
WK

2m,,

E (N,,k)=E,~E, + ...(1.30)

XK E,RWIREEE, E 2 TFRAER, m BB TFHREIRE, kBT
x (B 1.22).

Energy

continuum Ng=w
conduction :
band Ng=3

Ng=2

A

Ng=1

R

Ex

A\

valence
band

B 122 EEWEESESAEHEE TR EEERTHAR
Figure 1.22 Exciton dispersion of different Rydberg states in direct bandgap

semiconductor

BT A e By ATt — DO~

4
|

Eh=— (131)
20 (Ame,g)” N,

Ht Np REBTH, eoMen HRESNMHELRMEHN BELE. p2BTH
TRMLMRE, ReHN

_mm,

..(1.32
m,+m, (1.32)

BFHARUREME HETHRE m LT R—8%, AMBEFLTNE
BRELAN 1074107 m,, X@NTETHARURE. EORELE ERIIHEA
TR T T Re AR T SR ALK K i B2 /D T s s T RE BRI AR 40, AIFE

22



F1E 355

TSI B T B BN AR ST, DLE TR T R RN EEE.

143 HFS5AFRBENBHIRE

¥ SRR T IR ST AR A TR B R, SR T T R
il . FEDERERR, WM SN T IR EHERBIRE, BIEA 5T 5
FRBE . ME 123@FF, £ HENROERT 5L FPRETMH F-P B
WEREES. LETHCTREEROHE, YWhTSHTRAEBSSFRTR
WHITHBBER T TR T B SR OBIER R ENZ B EEEE, AR
.

B MOE TR EAE AT AL S NGRS 1 Tk TR A L IR, BRI BIR
GRS BT R IRIRALBORTE . I 1.23(0)FTR, IREGIFRN o KIET A
EA o NRBRBEZERREMEER, ZEEET AREbgs IR
5, EEMARGEE DT T MBS T HB F B SRR MR FERIAR . X
— A EUNERHFIEL A, BB ERS GERRR A), K
CAEST FAE BB TR o

(a) (b)

@ Exciton

Top
reflector
Ye ¥x
Gain medium
> —>
Bottomn photon exciton
reflector '

123 HFE5BTFERSEERIRE () FEARKNBTETRES F-PEEXH
BEZEE. () HTFEBTHRRESERTRER,
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Table 1.1 Semiconductor materials used for strong exciton photon coupling

Materials Morphology Excitonic Eb, Rabi splitting, Ref.
energy, eV meV meV
Traditional
Inorganic
GaAs QwW 1.52 4 5 (13, 106]
CdTe QW 1.6 25 23 (107]
GaN bulk 3.42 25 20-60 (102, 108,
109]
QW 3-3.33 40 20-60 (110}
ZnO nano layer 3.31 60 80 (]
nanowire 3.31 60 100 [12]
Organic
Anthracene bulk crystal 3.16 442 50-100 [113,114]
J-Aggregates thin film 2.88 360 160 [115]
TMDs
MoS; monolayer 1.87 240 46 (103, 116]
WSe» monolayer 1.76 370 26 [104,117]
Perovskites
CsPbCls nanoplate 3.05 72 265 1]
MAPDBr3 thin film 2.35 65 70 (19
(PEA);Pbl4 thin film 2.4 300 190 (38]
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Figure 1.27 Planar F-P cavities for strong exciton photon coupling (a) Demonstration of
strong coupling of planar F-P cavity mode and excitons of GaAs QWs and their reflectance
spectra.l’> 1211 (b) Demonstration of strong coupling of planar F-P cavity mode and excitons

of organic molecules and their emission spectra.[2%]

2 P E M PR LKA @Y CVD FIrEEEH & B2,
BT EATE A XM R, BTN B EERESEE. BT K
AT SRR RIS . tNE 1.28(a, b)FTs, Van Vugt ZB717E CdS gk &k
hIIEER| T £ F-P BIRY, IR H DS AT RGBT K. 4t
Sun Z127E ZnO YR LM 2) T F5 WGM A6 FHEBE, Wk 1.28(c,
AFT7R .« AHXT T PIRGHE, XEHHFENA S BT RGN ER R,
FFERREANEE, HMAERESIRS.

- 29



ey e T SR T B e ERu R

250 252 254

Energy (V) Energy(eV}

128 (BAGKETNTFETFEEBEHNHWE (a) CdS HKRETF F-PEIKNES.
871 (b) CdS GiHKLLuHE K IEH F-P ERIRE LB TFRUBOTR . ¥ (e) ZnO FKER
Fgh. 1220 (@) gk mRIeRE, BaRTE 3.2-3.3eV FHEMRAAXIR . 122

Figure 1.28 Strong exciton photon coupling of semiconductor nanowires (a) F-P mode
waveguide of CdS nanowire.¥”! (b) edge emitted F-P mode oscillation and exciton polariton
emission.’®”! (¢) the morphology of ZnO nanowires.!'??! (d) spatial resolved PL imaging along

the axis of a nanowire and anti-crossing at 3.2-3.3 eV.!12l
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Figure 1.29 Strong coupling of exciton and photonic crystal modes (a) Strong coupling
between excitons of GaAs QWs and one-dimensional photonic crystal mode of Au
grating.!'! (b) Exciton polariton dispersion integrated by multi Bloch waves.!'>! (¢) Two-
dimensional lattice formed by metallic nanohole arrays.[14l (d) Exciton polariton

concentrated upon high symmetric points of first Brillouin zone.!24l
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Figure 1.30 BEC of CdTe QWs embedded planar cavity!™ (a) Spatial distribution of exciton
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polariton below and above threshold. (b) Momentum distribution of exciton polariton below

and above threshold.
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Figure 1.31 Room temperature optical and electrical pumped exciton polariton laser (a)
Spatial distribution(upper), linewidth and spatial coherence (lower) of exciton polariton
laser in GaN planar cavity.?" (b) Electrical driven exciton polariton laser showing nonlinear

increase of output power above threshold.?!l
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Figure 1.32 Blueshift of exciton polariton!'?® (a) Initial dispersion curve of exciton
polariton. (b) Blueshift only considering repulsive interaction between excitons. (¢) Blueshift

only considering the saturation of excitons. (d) Both of two effects are considered.
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Figure 1.33  Applications of exciton polariton nonlinearity (a) Bistable behavior.!"3! (b)

Parametric oscillation.!12!
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Figure 2.1 Hybrid organic inorganic perovskite nanowire laser (a) Emission spectra and
optical images of MAPbI; nanowire laser below and above threshold. Scale bar is 10 pm.*?!
(b) MAPbX3(X=Cl, Br, I) nanowire lasing spectra.Pll
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Figure 2.2 Waveguide applications of hybrid organic inorganic perovskite nanowires (a)
Integration of MAPbBr; nanowire and tapered optical fiber.'3!] (b) multicolor emission of
perovskite nanowire by halide doping.[13? (¢) schematic of electrooptical modulator based on

MAPDBr; nanowire.!'3¥ (d) waveguide output based on different transverse voltage.!'33!
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Figure 2.3 Schematic of solution processed crystallization of MAPbBr; nanowires
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Figure 2.4 Morphological characterization of MAPbBr; nanowires (a) Optical image. (b)
SEM image. The scale bar of the inserted imagé is 500 nm. (¢) AFM image and thickness of
one typical MAPbBr; nanowire.
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Figure 2.5 SEM images of different length and cross section of perovskite nanowires
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Figure 2.6 Crystal structure characterization of MAPbBr; nanowires(a) TEM image and

selected area electron diffraction. Scale bar is 100 nm. (b) XRD spectrum.
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Figure 2.7 PL and absorption spectra of MAPbBr3 nanowires
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Figure 2.8 Measurement of exciton binding energy of MAPbBr; nanowires (a) PL spectra
of MAPbBr; nanowire under same pump power and different temperature. Scale bar is
10pm. (b) The relation of integrated PL intensity versus the reciprocal of temperature

indicating the exciton binding energy of 51.3 + 6.9 meV.
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Figure 2.9 Schematic of spatial resolved PL spectroscopy
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Figure 2.10 Spatial resolved PL of perovskite nanowires (a) Schematic of measurement. (b)
Waveguide emission of perovskite nanowire with excitation position from P; to Ps. Scale bar

is 10 pm. (c) Edge emitted spectra of perovskite nanowire with different excitation position.
BRAT0 AN [ B R THT 5 B O R R AT (R B FO S TR B B A B 2.1 B
N BYK LK ERA I R G AR A . AR I (R BB 5 9K 2 K 15
BORIELL, 3 (1.5) ATAIAAGKE IR E IR LI /Y F-P R ARG -
(a) ®

e x0stum " e | 20025 | Comerozoev -
;M o A Center2.22 eV R
. L a -
Shexosrim ~~ | 20%% gl

2112104 um S 0.015 JotiePs
c o TP
S[E8x04lum " T~ | ® e
Shoxorin/ | oo AR
o o ‘?//’A
ooy~ | = o005’
fl Il N ] N ] 2 1 :
520 540 560 580 0.04 0.08 0.12 0.16 0.20
Wavelength (nm) L (um™)

B 2.11 MAPbBrs K& F-P BIRIMEHEE (a) DEKEG KRR KRG .
(b) RGEAAE SPRLKE BB LRIERR,
Figure 2.11 Identification of F-P mode oscillation of MAPbBr3; nanowires (a) Edge emitted
spectra of nanowires with different length. (b) Linear relation of oscillating mode spacing

versus reciprocal of nanowire length.
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Figure 2.12 Lorentz multi-peak fitting and corresponding residual of F-P mode oscillation

of MAPbBr; nanowires
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Figure 2.13 Morphology and edge emitted spectra of different size of MAPBr; nanowires

From (a) to (¢), the lengths are 8.22pm, 5.8pum, 3.66pum; the cross section widths are 0.28um,
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0.27um, 0.32pum, respectively. Scale bar is 2 pm.
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Figure 2.14 Longitudinal-transverse splitting versus the size of different nanowires From
(a) to (¢), longitudinal-transverse splitting increases from 11 meV to 25 emV and further 33

meV, along with reducing sizes.
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Figure 2.15 Waveguide mode analyze of MAPbBr; nanowires (a) Electric-field distribution

of the nanowire cross section indicating the fundamental M1 mode at different propagating

directions. (b) Effective refractive index of M1-M6 modes versus wavelength.
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Figure 2.16 Group refractive index and Rabi splitting of different nanowires (a) Group
refractive index versus wavelength of nanowires with different longitudinal-transverse
splitting. (b) the Rabi splitting and coupling strength of nanowires versus effective mode

volume.
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Figure 2.17 Exciton polariton at different pump intensity (a)The edge emitted spectra
profile of single nanowire at different excitation power. (b) Integrated intensity of different
oscillating modes versus excitation power. (¢) LPB dispersion at excitation power of 40 pW

and 600 pW.
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Figure 2.18 Blueshift of localized and edge emitted spectra of MAPbBr; nanowire. Lasing
behavior of MAPbBr; nanowires (a) Normalized emission spectra of nanowire edge at
different pump density. (b) Normalized, localized PL spectra of nanowire at different pump

density.
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Figure 2.19 Lasing behavior of MAPbBrsnanowires (a) Emission spectra at different pump
density. (b) Emission images below and above laser threshold. Scale bar is 2 pm. (c)

Integrated intensity and linewidth of emission peak versus pump density.
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Figure 2.20 Polarization of MAPbBrsnanowire laser (a) Optical schematic of polarization
measurement. (b) Emission intensity of nanowire at different polarized angle below and

above threshold.

AN Rl — AR GK e & T HALE S WOE UK T 1 T 5% S M Bkt iR
I AR RO . AN 2.21(a), A2 AAH LM s 5 LRI i, Smiae e B
RGO LT3 T AR ARGV 9K 2 i ) (90 3 o WO r HE IRAE = T T
WEoT B RO EA E, X R AR BT BB TR, KA R
LPB st U0, S T D AR B N B TR R S TR, RO
ST RO . 55— J7 i, AT BUGIE A BIERT B R HEL W ER IR,
X BT AR AT BT 1 2 A AR ELAE S B2 158 aR T an B 2.21(b) AT
Ny BERFHEORIERIIE R T 22.1 plem? JEIVPARAEER, Xthidt—DiEsE T
MAPbBrs 44K 2 i 96 T B0 .

() (b)
24 / i —=— peaki
— laser
I —pL £548 —e—peak2 M
% £ —— peak3
T 2.31 <
= e)) = ]
g TITIIZIIITIII E 546 ‘O‘L—o‘_‘*‘
5 = g
ey ©
29H ¢ = l—“\.\._.‘.‘ll
> Iy 544 g
AR Atre S ,
1.2E7 1.6E7 2.0E7 16 18 20 22 24 26

K, (m™) Pump fluence (pJdicm?)

B 221 MAPbBrs YKL HH SHTRABTALRI R (2 F—RACRE R b
EHBOEER R, (b) BOtERIEM TR E RN
Figure 2.21 Comparison between MAPbBr3; nanowire lasing and exciton polariton (a) The

edge emitted spectra and lasing spectra of the same nanowire. (b) Laser mode peaks versus
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Figure 3.1 Optical waveguide and optoelectronic applications of all inorganic perovskite
nanowires (a) PL image (upper), SEM and halide distribution profile (bottom) along the
CsPbBri/CsPbCl; nanowire heterostructure. Scale bars are 3 pm (upper) and 1pum (bottom).
(b) High degree of polarization of CsPbBr3 nanowire.!'*l (¢) Polarized light detection of
CsPbl; nanowires.!'5! (d) Ultra-long CsPbBrs nanowire waveguide and photodetector.[167!

Scale bar, 10 pm.
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Figure 3.2 Visible and near infrared light laser emission of perovskite nanowires (a)
Optical images of CsPbX3(X=Cl, Br, I) nanowire laser emission.'®! (b) Laser emission
wavelength of different perovskite nanowires including hybrid organic inorganic perovskites

and all inorganic perovskites.134
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Figure 3.3 Lasing stability of perovskite nanowires with different chemical components!'*!l
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Figure 3.4 All inorganic perovskite nanowire laser at strong coupling region (a) Uneven
lasing mode spacing and blueshift of CsPbBr3 nanowire.[*") (b) Continues wave pumped
lasing at liquid nitrogen temperature. (c) Alignment of lasing modes to LPB of exciton

polariton. 179
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Figure 3.5 Exciton polariton condensation of CsPbCl; nanoplates inside DBR cavity!''®! (a)

<0 20 20 40

Cavity structure. (b) Exciton polariton distribution of LPB below threshold. (c¢) Exciton

polariton concentration and the final condensation at bottom of LPB above threshold.
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Figure 3.6 Schematic of experimental used CVD equipment

Hl &R T T Y PbBr F3K (99.999%) 1 CsBr MK (99.999%) M Sigma
Aldrich J43Z. 11 mg PbBr A1 6.4 mg CsBr U E T A Efh, HiEEEA A
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Morphology of CsPbBr; (a) SEM image of large area. (b) Optical image. (c)

Statistical distribution of nanowire length. (d) Statistical distribution of nanowire length.

Figure 3.7
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Figure 3.8 SEM images of different size of CstBr§ nanowires
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Figure 3.9 AFM images and height profile of CsPbBr; nanowires
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Figure 3.10 Crystal structure and component elements of CsPbBrsnanowires (a) XRD of

CsPbBrs nanowires. (b) EDS of CsPbBrs.
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Figure 3.11 PL and absorption spectra of CsPbBrs; nanowire
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Figure 3.12 PL intensity of CsPbBrs nanowire versus the reciprocal of temperature
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Figure 3.13  Spatially resolved PL of CsPbBr; nanowires (a) Schematic of measurement.
(b) Waveguide PL emission of CsPbBr; nanowire. (¢) Edge emitted spectra and Lorentz

multicurve fitting.
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Figure 3.14 'Waveguide properties of CsPbBr; nanowires (a) Light collection at one end of
CsPbBr3 nanowire and changing the excitation position from P; to P3. Scale bar is 2 pm. (b)
Emission spectra from wire edge while changing the excitation position from Psto Ps. (c)

Waveguide loss of different wavelength.
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Figure 3.15 The identification of F-P mode oscillation in nanowires (a) Edge emitted spectra
of different length of nanowires (b) Linear relation between oscillating mode spacing and

reciprocal of nanowire length.
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Figure 3.16 Rabi splitting of CsPbBr; nanowires versus nanowire size From(a) to (d), the
number of oscillatihg modes from edge emitted spectra increases as the length of nanowire
growing. The corresponding exciton polariton dispersion and fitted Rabi splitting are shown

in figure(e-f). The insets are optical field distribution of each nanowire’s cross section.

R 3.1 ARALFEEERT RS

Table 3.1 Oscillator strength of different semiconductor materials

Materials Morphology Oscillator Lateral Ref.
strength dimension,
nm
ZnO bulk 2.6x1073, 7x102 [175]
5.2x1073 v
nanofiber 17.21 4 (176]
Cds bulk 2.56x1073 1.5%10% 177
nanocluster 0.1472 1.28 [178]
CsPbBr3 nanoplatelet 1.18x10* 14.8-20.2 [70]
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Figure 3.17 Optical field distribution of cross section of small lateral sized CsPbBr;

nanowire
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Figure 3.18 Group refractive index and Rabi splitting of different CsPbBr3; nanowires (a)

Group refractive index versus wavelength of nanowires with different Rabi splitting. (b)
Rabi splitting, coupling strength versus effective mode volume. Inset is the oscillator strength

versus effective mode volume.
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Figure 3.19 Exciton polariton of CsPbBr; nanowires at different temperatures (a) Edge
emitted spectra at different temperatures. (b) Fitted LPB dispersion at different

temperatures.

3.5 CsPbBrs 44K ST IR A LE
3.5.1 CsPbBrs oKLk SR & STHHIE

&1 3.20(a)9 12.4 um K CsPbBrs YK LA R FTHE B EF 400 nm K I
KRR . TR NBHRE 3 whem? i, SGEE kR IR 2 4 W RR ) H
REREST, VEAITE 525 nm. 4R HELE 6-8 plem? I, 78RS EERIAT M HBL T —
RPIRBAIBOCR, XX R R ASoT/E LPB X A8 . 243
k%] 10 plem? B, PR RNgAE S, &8 0.4 nm. & 3.20(b)2
AURE 2R AL BMERT S IR G BUR . AN T RERT AR L 4 51 5,
BMEJE AR TR M, RN R AN T — RN TH 4L, X
R RAE S I ROC IR YK Bt e K S A =AM T HAE. B 32000%F =
HOR XS B A AR N R ST SR BRI 3 B8 MR B AR R R o KOOSR BRI N
HIH S I 2E, R 7 AROGRETEIME (8 Wiem?) J& IRIB L P g K29 1810,
P AL BE S B 20 nm BB NREE) 0.4 nm, XE T AT IEIRE. [t
PANE B )4 = 5 7 BB RTA B LR8N 3E K e %, X 7] DUER AR 37 MR A

74



B3R 2THERT PRERBTACBUTREINT N

TG ST AR EAE A,
@ (c)
o, 12 wicm? -
3
g . ‘u. 10 ndiem? ‘% 2
gt 8o 5 I
§ : r " . E =
SE e | R 3 B
TN 3 diom? gF
- . T E
1 ; - 560 4 8 42 1
512 wgvzg;engm“&m) %60 Pump fluence (uJicm®)

320 CsPbBrs JREBVIEHIRSTRME (2) ROGEMEBRERERRN. (b) REMEX
FRISEEE R, AR 5 pme (o) BIMERTE RS BB R IGIERLR T HIZZ AL .

Figure 3.20 Emission properties of CsPbBrs; nanowire laser (a) Emission spectra versus
excitation density. (b) Optical images below and above laser threshold, scale bar is 5 pm. (c)

Integrated intensity and linewidth below and above laser threshold.
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Figure 3.21 Lasing behaviors of nanowires with different Rabi splitting (a-c) Lasing
spectra and corresponding edge emitted spectra of different Rabi splitting. (d) Lasing

threshold decreases significantly with the increase of Rabi splitting.
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Figure 3.22 Blueshift of laser peaks at different Rabi splitting (a) Lasing peaks of
nanowires with two different Rabi splitting. (b) Blueshift of laser peaks with two different

Rabi splitting under the increasing pump density.
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Figure 4.1 Exciton polariton under optical confinement (a) Multimode exciton polariton
laser from micropillar structure of GaAs!'!, (b) Spatial distribution of exciton polariton
inside the square micropillars of GaAs.['¢l (¢) Exciton polariton distribution influenced by

optical potential of the InGaAs plateau structure.!'!
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Figure 4.2 Localized modulation of excitonic properties (a) Localized stress.*"! (b)

Localized excitation of excitons by ring shaped laser spot.2%]
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Figure 4.5 Quantum modulation of exciton polariton(a) Extended exciton polariton
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condensation.?* (b) Tunneling effect of exciton polariton between adjacent potential
wells.?%! (¢) Exciton polariton topological transmission in the honeycomb lattice structure of

GaAs cavity. 1206
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Figure 4.4 Directional transmission of condensed exciton polariton inside the CsPbBr;
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microwire23l(a) Schematic of CsPbBr3 microwire inside the DBR cavity. (b) Optical image,

experimental and simulated exciton polariton distribution of the microwire.
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Figure 4.5 Schematic of the strong coupling between exciton of CsPbBr3 micro flakes and

DBR cavity mode
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Figure 4.6 Morphology of CsPbBr3 micro flakes(a) Optical image. (b) SEM image. (c) AFM
image and height profile.
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Figure 4.7 PL of CsPbBr; micro flakes with different thickness (a) Normalized PL spectra.
(b) The evolution of PL peak versus thickness of the samples.
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Figure 4.8 Schematic of spatially and angle resolved spectroscopy
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Figure 4.9 Angle resolved reflectance spectra of DBRs (a) Angle resolved reflectance
spectra of single bottom DBR. (b) Angle resolved reflectance spectra of DBR cavity without

filler.
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Figure 4.10 Optical properties of perovskite micro flake before and after being embedded
into the DBR cavity
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Figure 4.11 Estimating the loss of injected laser by DBR (a) emission spectra of CsPbBr;
inside the DBR cavity. (b) emission spectra of CsPbBr; on the bottom DBR. (c) optical

images of micro flakes with similar size. Scale bar is 10 ym. (d) Comparing the emission

intensity of perovskite micro flakes in and out of the DBR cavity.
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Figure 4.12 Optical images (upper)and PL emission images (lower)of perovskite micro

flakes inside the DBR cavity The micro flakes have similar width of 4.7-5.2 pm and different

thicknesses. Scale bar is 5 pm.
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Figure 4.15 Polarization of exciton polariton (a) Angle resolved reflectance spectra of
CsPbBr; micro flake without the polarization analyzer. (b) and (c¢) are angle resolved

emission spectra above nonlinear threshold with TE and TM polarization.
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Figure 4.14  Analyze of the cavity linewidth (a) Emission spectra of exciton polariton at

different emission angle. (b)The relation of linewidth and emission angle of exciton polariton.
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Figure 4.15 Angle resolved reflectance and emission spectra at different detuning (a-c)
Angle resolved reflectance spectra at different detuning. (d-f) Corresponding angle resolved
emission spectra. The insets are their Fourier images. The absolute value of detuning

decreases from left to right.
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Figure 4.17 Condensation of discrete exciton polariton modes (a) Angle-resolved emission
and emission images at different excitation density above threshold. Scale bar is 5 pm. (b)

Stable modulation of condensed discrete exciton polariton modes under periodic excitations.
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Figure 4.18 Group velocity of exciton polariton at LPB (a) The dispersion of exciton
polariton at energy-wave vector coordinate system. (b) Group velocity at different wave

vector of LPB.
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Figure 4.19 Emission spectra of discrete exciton polariton at different excitation density (a)
Emission spectra at different excitation density. (b) Integrated intensity and linewidth of

different discrete modes versus excitation density.

442 SIERBT R ARSI

2 1 BT R AT 5 T 10U LA B RRAL 3472 60 B O 2 A T R
IR B AT % B A4 A RSO F, BRATEESL T — AL T i PR S 60 F3
JIR, TR R R 2 T A B M T RSB A RS . 250
A BT BES T 3RS RAME A, A1 RN T 108 At
TSRS RABT RS Z RS R A BT . I 4.20@) PR, # Tt
*%W%ﬁ?ﬁ%ﬁﬁﬁ¢~Aﬁ%Wﬂ%ﬁ%E%E&J@%&M%%%Eﬁ;
RTINS BB E— 5 LB TR AT RS T WAL 2 [
%%ﬁET_AM$MW%ﬂﬁE%ZEW”m B 4.200)FTR, i B A
PIANBCT HALSOT BT AR AR 8O, 5 BB B L RIAMRAB RS B AR e
WA LUK A, B LT RS L IO T IR AT A RS B3 o T TR . Ty
ST FR AR R AR B A B E .,

(b)

H
(I{’ E, Reservoir oo E, E,
~ o N

E; e - E,

A 420 BTRABTTRET ZFABSHE ) BTN HHEAMET RS . (b)
P BT RACBOTAER 4R = RS 2 1A BB
Figure 4.20 Scattering mechanism of exciton polariton and exciton (a) Scattering between
two excitons in exciton reservoir. (b) Scattering of two exciton polaritons among three

adjacent energy states.
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Figure 4.22  Lifetime of exciton polariton (a) Lifetime of exciton obtained by time-resolved

PL spectrum. (b) The lifetime of exciton polariton at different energy of LPB.
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Figure 4.23 Time resolved population distribution of different exciton polariton states and

exciton in reservoir
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Figure 4.25 Blueshift of E; and E4energy states with increasing excitation density
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Figure 4.26 Exciton polariton condensation at weak negative detuning (a) and (b) are

condensed exciton polariton at the bottom of LPB at detuning A=—85 meV and A=-36 meV .
The insets are corresponding emission images, scale bar is 5 pm. (c) and (d) are their

corresponding blueshift of the bottom of LPB.
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Figure 4.27 The population distribution of exciton polariton versus energy at different

detuning below and above threshold
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Figure 4.28 Exciton polariton laser threshold and coupling strength versus detuning
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Figure 4.29 Lasing behaviors of bulk perovskites inside the DBR cavity (a) Angle resolved
emission spectra of squared bulk perovskite below and above laser threshold. Scale bar, 2

pm. (b) Lasing spectra of different width of bulk perovskite samples. (¢) Linear relationship

of cavity length and 1°/A4 .
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Figure 4.30 DBR cavity structure and refractive index at x-z plane (a) Thickness of

perovskite is150 nm. (b) Thickness of perovskite is1 pm.
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Figure 4.31 Optical field distribution of the cross section of perovskites (a-c) are optical
field along z, x wave vector |E|” (i=x, z) and total field magnitude|E|’ . (d-f) are

corresponding results of the perovskite with thickness of 1 pm.
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Figure 4.32 Angle resolved reflectance spectra (left) and emission spectra (right) of

perovskite micro flakes with different detuning
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Figure 4.33 Reflectance and emission spectra of perovskite micro flakes with different

detuning inside the DBR cavity
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