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Figure 1.1 Schematic of unit cell and crystalline structure of halide perovskitesls]
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Figure 1.2 Substrate-assisted growth of perovskite nanowire array. The substrates are
PGN-functionalized SiO,/Si (a)m], annealed sapphire M-plane (b) 281 and muscovite (001)
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Figure 1.3 Template-assisted growth of perovskite nanowire array. (a) AAO
template-assisted epitaxy of CH;NH;SnI; nanowire arrayl33]; (b) PDMS template-assisted

solution growth of CH;NH;PbBr; nanowire array[35'; (c) PDMS template-assisted blade

coating of CH;NH;PbI; nanowire array[39l.
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Capillary-bridge rise for
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Figure 1.4 Capillary force-assisted growth of perovskite nanowire array. (a) Capillary

bridge rise growth of 2D RPP-phase (C;HsNH;),(CH3NH3),—(Pb, I3, nanowire array'*”; (b)

Capillary trailing-assisted growth of CsPbBr; nanowire arraym].
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Figure 1.5 Direct patterning of perovskite nanowire array. (a) PDMS template-assisted

printing of CsPbX; (X = Br, I) nanowire array!*”; (b) Direct laser printing of CH;NH;PbI;

nanowire array[‘m.
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Figure 1.6 Perovskite nanowire photonic lasing. (a) Optical images and lasing spectra of
solution-processed CH;NH;PbI; nanowires'™; (b) Lasing stability for CsPbBr; nanowires'®!’;
(c) Wavelength-tunable lasing in mixed-cation (NH,CH=NH,'/CH;NH;") perovskite

nanowiresm’; (d) Lasing in CsPbX; (X = Cl, Br, I) nanowire array'31].
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Figure 1.7 Perovskite nanowire plasmonic lasing. (a) Optical image of CH;NH;Pbl;

nanowire plasmonic lasing and working stability with increased temperaturelso]; (b)
Schematic, electrical field distribution, and polarization of CsPbBr; nanowire plasmonic

lasing'sl]; (¢) Pulse width of CH;NH;PbI; nanowire plasmonic lasing and photonic lasing'ssl.
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Figure 1.8 Strong exciton—photon coupling and polariton lasing in perovskite nanowire. (a)

Energy-momentum dispersion and strong exciton—photon coupling behavior in CH;NH;Pbl;

nanowire”®; (b) Surface plasmon polariton enhanced exciton—photon coupling in

CH;NH;PbI; nanowire”’; (c) Polariton lasing in DBR/CsPbBr; nanowire/DBR cavity[w”.
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AW S F H BT SR RN LE I SR B 2 A AT R S AT HE, EREHE:
A=A (ERBR KRB AR A ED « CsBr HK (99.999%, Sigma-Aldrich) .
PbBr, ¥R (99.999%, Sigma-Aldrich) « Ny (99.5%, bR TFREMAEHERL
A . BEE JERGESBALTARD Wi JAERET RN I AT L
KZEE CEai@ B TARD « 2B K CEREEFD .
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cool o % 575°C sm

Growth stop
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B 2.1 AhEESATIREHRE CsPbBr: YRS, (2) RETRE; (b) #HERT.
Figure 2.1 Fabrication of CsPbBr; nanowire array via chemical vapor deposition. (a)

Schematic of synthesis system; (b) Temperature program.
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- . @TR8 AR ¢« 0
[ ] A S
N R Po-(oTT
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¥ AFM Elfg (BREEES).

Figure 3.1 Surface reconstruction induced unidirectional grooves on muscovite (001). (a)
Top view of muscovite (001). b) Schematic of surface reconstruction resulting in
unidirectional grooves on muscovite (001) after removing interlayer K’ during mechanical

exfoliation. ¢) High-resolution AFM image of the muscovite (001) in lateral friction signals.
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E3.2 AAP#TRNPAEE (001) Bo¥ AFM &R, (2) XRETHE 31 (o) BRE
£5; (b) MREFFELEYRPOBERE; (¢, &) HET (a) HEEIEE 15 BN
75 BRI R ERES .

Figure 3.2 High-resolution AFM results with variable scanning direction. (a) Height signals
of the muscovite (001) region in Figure 3.1 (¢); (b) Height profile along the yellow dashed line
in (a); (c, d) Lateral friction signals of muscovite (001) region in (a) rotated by 15 and 75

degrees counterclockwise.
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190 nm 2 /8], THEFRATA 8 mm x 4 mm (B 3.3) . SEM E{& &7 CsPbBr; 44K %
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B33 ETAZE (001) T CsPbBrs JPKR&EREF. (a) BXE (001) HHIERIIN
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Figure 3.3 CsPbBr; nanowire array on muscovite (001). (a) Photograph of CsPbBr;
nanowire array on muscovite (001); (b) Dark-field image of CsPbBr; nanowire array; (c)
SEM image of CsPbBr; nanowire array; (d) AFM image and lateral height profile of one

CsPbBr; nanowire; (¢) Width distribution of CsPbBr; nanowires.
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Figure 3.4 Orientation distribution of CsPbBr; nanowires
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Figure 3.5 XRD patterns of CsPbBr; nanowires. (a) XRD patterns of fresh CsPbBr;

nanowires; (b) XRD patterns of aged CsPbBr; nanowires after 9-month storage.
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Figure 3.6 Temperature versus distance away from the heat source in the quartz tube
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Figure 3.7 Substrate temperature-dependent epitaxial mechanism of CsPbBr; nanowires.
(a) Schematic of substrate temperature induced grow kinetics to control the orientation of
CsPbBr; nanowires; (b) SEM images of CsPbBr; nanowires at substrate temperature of 520°C
and 430°C; (a) Orientation distributions of CsPbBr; nanowires at substrate temperature of
520°C and 430°C; (b) CsPbBr; nanowire length and orientation along muscovite [100]

direction versus substrate temperature.
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Figure 3.8 Atomic arrangement of CsPbBr; nanowire on the muscovite (001). The growth
along the CsPbBr; [001] (//muscovite [100]) is faster than the growth along the CsPbBr; [110]
(//muscovite [120]). The triangular CsPbBr; nanowire is the same as one-half of the

perovskite unit cell structure.
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B 4.1 CsPbBr; #KBR RERAETILIEIE. (a) CsPbBr; ZIK& ER W EEIE; (b) CsPbBr;
YRR TR (¢) CsPbBrs k&R N BEESRBIEFEHEXRA.

Figure 4.1 Room temperature steady-state photoluminescence spectra of CsPbBr;
nanowires. (a) Photoluminescence spectrum of one CsPbBr; nanowire; (b) Power-dependent
photoluminescence spectra of one CsPbBr; nanowire; (¢) Photoluminescence intensity versus

power density for one CsPbBr; nanowire.
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Figure 4.2 Photoluminescence stability of CsPbBr; nanowires. (a) Photoluminescence
intensity versus excitation time for one CsPbBr; nanowire with different power density; (b)
Power-dependent photoluminescence intensity for one CsPbBr; nanowire at excitation time
of 300 s; (c) Photoluminescence intensity versus excitation time for one CsPbBr; nanowire

under vacuum and ambient conditions.
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Figure 4.3 Polarization-dependent photoluminescence of CsPbBr; nanowires. (a)
Photoluminescence intensity versus excitation angle for one CsPbBr; nanowire; (b)

Photoluminescence polarization ratio of CsPbBr; nanowires.

CsPbBr; 4K RS MR AR L FERIEM: (1) /B HHERATHE
K& FRAE, () BT RSN BRI TS ERE (3
AAEAE AT B & A R B F CsPbBr K& R T BB TR
PRSI R RSE (~10 nm) , BAMESA RS S 10 s 1 h 5 T BT B AROE
B[R Rt R B A EGUK K B ARG /UK e T TSR], RPN 25
FEBIR 5 5 K LR S ORI & 1 41, FDTD SIS SRR, L5 ]

36



F 4 CsPbBr3 PRENFHERTR

TFAT TR CRMAA 0°) BEANEETHREKEITH AN
90°) B, GRLNFRKIGHMIBEIRTT, WM THERENREK (B44) . B
HAZBBWRGBERRERFT BRI bR, HEIRELN 0.60, 5KPRES
R, RPENBERERFEHBRIZE ARVERE CsPbBrs KL KAL)
Fe PR T B RIE .

a b

N

1.65

0.48

0.25
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Figure 4.4 Electric field distribution inside one CsPbBr; nanowire simulated by FDTD.

The angle between the excitation field direction and the longitudinal direction of the
nanowire is 0° (a), 30° (b), 60° (c) and 90° (d).
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Figure 4.5 Temperature-dependent photoluminescence spectra of one CsPbBr; nanowire

along the muscovite [100] direction
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Figure 4.6 Temperature-dependent photoluminescence parameters of one CsPbBr;
nanowire along the muscovite [100] direction. (a) Photoluminescence intensity versus
temperature for one CsPbBr; nanowire; (b) Photon energy versus temperature for one

CsPbBr; nanowire; (¢) Linewidth versus temperature for one CsPbBr; nanowire.
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Figure 4.7 Temperature-dependent photoluminescence spectra of CsPbBr; nanowires with
different widths. (a) 2D pseudo-color plot of temperature-dependent photoluminescence
spectra in one CsPbBr; nanowire with the width of 110 nm; (b) 2D pseudo-color plot of

temperature-dependent photoluminescence spectra in one CsPbBr; nanowire with the width

of 500 nm.
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ARTRUAE - EE=ZH2 M. UELERER, CsPoBrs PAKLHAILRE
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GaN (525 meV) & RHME SN | MIEFIIo AT P, BEKE,
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PA_E AR I8 26 MR 0 S 3 B[ 100] & 14 ) CsPbBrs YUK ER#EAT . 9 TR A
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B0 TIFA S R110]F[101] &ML (SEEAKERAR 734 110 nm
#134.5 pm) HHEERKER GG (4.1, EH48) . WEBIIMHEREKR
WA, BTF-FTHRERE A, FRNFEFETFHRE En, AMERIL BF-H
P TR AR o R IEEFE FREE Eo AR B M 4K & BA a2
H, ESEREFAMBRERT B MAEAES, REEHEIHRIIANHERGR
B, FEARHS A& A CsPbBr KL & .

& 4.1 FFEE CsPbBr; JRRRE K RIGENSHE

Table 4.1 Fitting results of CsPbBr; nanowires with different orientations in

temperature-dependent photoluminescence spectra

B[] Az (HeVK?Y) Ay (meV) Ey (meV) Iy (meV) 1o (meV) E; o (meV)
[100] 267.0 199.9 54.7 14.1 88.4 24.6
{110] 218.6 413.5 76.1 17.6 94.0 27.0
[101] 264.9 221.1 53.7 16.1 91.4 25.5
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Figure 4.8 Temperature-dependent photoluminescence parameters of CsPbBr; nanowires
along the muscovite [110] and [101] directions. (a) Linewidth versus temperature for one
CsPbBr; nanowire along the muscovite [110] direction; (b) Linewidth versus temperature for
one CsPbBr; nanowire along the muscovite [101] direction; (c) Photon energy versus
temperature for one CsPbBr; nanowire along the muscovite [110] direction; (d) Photon

energy versus temperature for one CsPbBr; nanowire along the muscovite [101} direction.
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Figure 4.9 Time-resolved photoluminescence spectra of CsPbBr; nanowires. (a)
Time-resolved photoluminescence spectra of one CsPbBr; nanowire with different pump
fluence. The lifetime of instrument response function (grey region) is ~40 ps; (b)
Photoluminescence lifetime and intensity at initial time versus pump fluence for one

CsPbBr; nanowire.
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Figure 4.10 Photoluminescence lifetime distributions of CsPbBr; nanowires with different

orientations
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Figure 4.11 Transient absorption spectra of CsPbBr; nanowires. (a) 2D pseudo-color plot
of transient absorption spectra in CsPbBr; nanowires; (b) Normalized transient absorption
spectra of CsPbBr; nanowires with different delay time; (c) Transient absorption spectra
around low-energy photo-induced absorption signal within 0.08 to 0.32 ps for CsPbBr;
nanowires; (d) Normalized transient absorption spectra around photo-bleaching and
high-energy photo-induced absorption signals within 0.2 ps to 5 ns for CsPbBr; nanowires;
(e) Carrier temperature versus delay time for CsPbBr; nanowires; (f) Dynamics of

high-energy photo-induced absorption and photo-bleaching signals for CsPbBr; nanowires.
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Figure 4.12 Evolution of the carrier distribution with delay time after pulsed laser
excitation, including the following stages: 0) thermal equilibrium; 1) excitation; 2) carrier
thermalization; 3) hot carrier cooling by carrier—LO phonon scattering; 4) hot carrier
cooling by carrier-TO phonon and carrier-acoustic phonon scattering;decay of optical

phonons into acoustic phonons; 5) further phonon emission; 6) carrier recombination.
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Figure 5.1 Lasing in CsPbBr; nanowires. (a) Power-dependent photoluminescence spectra
of one CsPbBr; nanowire; (b) Lasing mode around 533 nm in CsPbBr; nanowire; (c)
Integrated photoluminescence intensity and linewidth versus pump fluence for one CsPbBr;

nanowire; (d) Lasing mode with a quality factor of ~2191.
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2% 5.1 _% CSPbBl’;; ﬁéﬂ%m%ﬁ%;ﬁﬁﬂlﬁ%ﬁ%ﬁﬁgﬁwpl, 61, 98, 100, 133, 138, 156-165]

Table 5.1 Reported photonic lasing in one-dimensional CsPbBr; micro/nanostructures

excited by pulsed laser[31, 61, 98, 100, 133, 138, 156-165]

Threshold Quality Wavelength

Year Material Temperature (1 em?) factor (nm) Ref.

2016 CsPbBr; Room 6 2069 538 [158]
nanowire temperature

2016 CsPbBr; Room 3 1300 530 [159]
nanowire temperature

2016 CsPbBry Room 5 1009 530 [61]
nanowire temperature

2017 CsPbBr, Room 5 1700 537 [160]
microrod temperature

2017  CsPbBry Room 14 3500 543 [161]

micro/nanorod temperature

2018 CsPbBr, Room 4 2256 535 [31]
nanowire temperature

2018 _ CsPbBry Room 8 1345 538 [98]

micro/nanowire  temperature

2018 CsPbBr Room 64 701 525 [162]
nanowire temperature

2019 CsPbBr; Room 13 1900 534 [163]
nanowire temperature

2019 CsPbBr; Room 17 206 530 [138]
nanowire temperature

2019 CsPbBr, Room 3 — 530 [157]
nanowire temperature

2019 CsPbBr Room 19 584 526 [164]
nanowire temperature

2019 CsPbBr; Room 6 540 542 [133]
microwire temperature

2020 CsPbBry Room 3 — 525 [100]
nanowire temperature

2020 CsPbBr, Room 16 S 539 [157]
nanowire temperature

2021 CsPbBry Room 16 3772 537 [165]
nanowire temperature

y 5 595 .

CstB_r3 Room 8.7 9 533 This work
nanowire temperature (average)  (average)
CsPbBr, Room 15 2191 .

_ . S
nanowire temperature (best) (best) 43 This work

FE: average Al best /3 HIMRE AL SCMIALE R b ARMEREN R EE
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Figure 5.2 Evidence of Fabry—Pérot lasing in CsPbBr; nanowires. (a) Optical images of one
CsPbBr; nanowire with difference pump fluence; (b) CsPbBr; nanowire lasing intensity
along two polarization directions; (c) Lasing spectra of CsPbBr; nanowires with different

length; (d) Free spectral range versus reciprocal length for CsPbBr; nanowires.
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Figure 5.3 Polarization response of CsPbBr; nanowire lasing. (b) Normalized integrated
photoluminescence intensity and linewidth versus pump fluence with one CsPbBr; nanowire
with the excitation electric field perpendicular and parallel to the nanowire longitudinal
direction; (b) Normalized polarization-dependent lasing of one CsPbBr; nanowire; (¢)
Lasing intensity, threshold and wavelength versus excitation angle for one CsPbBr;

nanowire.
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Figure 5.4 Electron hole plasma lasing in CsPbBr; nanowires. (a) 2D pseudo-color plot of
power-dependent photoluminescence spectra in one CsPbBr3 nanowire; (b) Central lasing

energy versus excitation density for one CsPbBr; nanowire.
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Figure 5.5 Excitonic lasing in CsPbBr; nanowires. (a) Excitation density at lasing threshold
versus temperature for one CsPbBr; nanowire; (b) Energy difference between spontaneous
emission and lasing versus temperature for one CsPbBrs; nanowire; (¢) Group index versus

photon energy for one CsPbBr; nanowire under different temperature.
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