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Abstract

Abstract

Perovskite materials have attracted much attention in the field of optoelectronic
materials due to their high absorption efficiency, low defect density of states, high
carrier mobility and adjustable direct bandgap. They have potential applications in solar
cells and light emitting diodes. At the same time, the preparation process is simple and
the morphology is easy to control. Perovskite material itself is a very ideal laser gain
medium.

In recent years, perovskite materials have been widely studied and made great
progress. For organic-inorganic Perovskite materials, it has many advantages, such as
high absorption coefficient, high tolerance of shallow level defects, long carrier
diffusion distance and high carrier mobility in wide spectral range. It has great
application potential in photo-capture devices such as solar cells and photodetectors.
For all inorganic perovskite nanomaterials, due to their high quantum yield (up to
100%), adjustable light-emitting wavelength, simple preparation process and high gain
coefficient, they are of great significance in light emitting diodes, micro-lasers and
quantum communication.

In this paper, we studied the gain characteristics of perovskite nanomaterials and
the control of exciton properties of perovskite nanomaterials by means of steady-state
fluorescence spectroscopy and time-resolved fluorescence spectroscopy. The main
contents are as follows:

(1) CsPbBr; nanowires were prepared by CVD method. The single crystal
structure of the nanowires was proved by TEM. The CsPbBr: nanowires were
transferred onto silver thin film substrates by dry transfer method. The plasmon
nanowires laser device was fabricated and the luminescence characteristics of the laser
were measured. Plasmon nanowire laser is realized with femtosecond optical pumping
in room temperature. The laser threshold of plasmon nanowire laser based on CsPbBr;
nanowire is affected by the length of nanowire. In plasmon nanowire lasers, the loss
will increase greatly with the increase of nanowire length, so the threshold of plasmon
nanowire lasers will increase. We have achieved a minimum threshold of about 6.5
ul/em? in nanowires of about 3 um length. The time-resolved fluorescence spectra show

that there is a strong confinement effect in our plasmon nanowire laser devices with a
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Purcell factor is about 6.14. FDTD simulation further confirms that there is a stronger
optical confinement effect in thin plasmon nanowire laser devices. The polarization
characteristics of plasmon nanowire lasers are studied. Different from the optical mode
of nanowire lasers, the polarization of plasmon nanowire lasers is TM mode, while the
optical mode of nanowire lasers is TE mode. The laser mode proved that the plasmon
laser is light-coupled to SPP to achieve amplification.

(2) The CsPbBr3 nanoplatelet-based plasmon nanocavity structure was prepared
by spin-coating method. The spectra of on-cavity and off-cavity were measured.
Through theoretical analysis and experimental proof, we determined that the biexciton
radiation of CsPbBr3 nanoplatelets was realized in the nanocavity structure. The high
crystal quality of CsPbBr; nanoplatelets was determined by fluorescence of CsPbBr;
nanoplatelets in solution, EDX, TEM and XRD of CsPbBr3 nanoplatelets. The results
of AFM show that CsPbBr3 nanoplatelets have strong confinement effect in z direction.
The exciton binding energy of CsPbBri nanoplatelets is 120 me'V fitted by temperature-
dependent fluorescence measurements, which further proves that the CsPbBr;
nanoplatelets have strong confinement effect in z direction. The biexciton radiation of
CsPbBr; nanoplatelets in our prepared plasmon nanocavity structure was demonstrated
by fluorescence spectra, power dependent fluorescence spectra and time resolved
fluorescence methods.

(3) We have analyzed the low threshold of biexciton radiation generated by
plasmon nanocavity structure based on CsPbBr; nanoplatelets. By measuring the
polarization characteristics of biexcitons with different polarization pumping light, we
determine that the plasmon mode plays an important role in the production of biexciton.
The measured scattering spectra determined by Fano line fitting and FDTD simulation
of Fano model show that the non-linear Fano resonance process between metal
nanostructure and CsPbBrs nanoplatelets happened. Biexeiton radiation is also realized
by pumping CsPbBrs nanoplatelets off cavity with femtosecond amplifier laser. The
threshold of biexciton generation in metal nanostructures is analyzed. Compared with
the threshold of biexciton radiation in CsPbBr3 nanoplatelets off’ cavity pumped by
femtosecond amplifier laser, the threshold is reduced by six orders of magnitude in the
nanocavity structure. Through Fano resonance model analysis, the absorption cross

section of exciton-biexciton is greatly increased due to the resonance energy transfer,
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which results in the situation of low exciton occupancy.

Key Words: Perovskite, Nanoplatelet, Biexciton, Plasmon, Laser
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Figure 1.1 The general structure of perovskite is ABX3;. Common A ions include CH;NH;™.
CH(NH): -~ Cs". Common B ions include Pb**. Sn?>', and common X ions include CI-.
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Figure 1.2 Schematic representation of 3D and (quasi }-2D layered perovskite nanostructures
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Figure. 1.3 a The change of halogen atoms in perovskite materials can adjust the luminescence
wavelength of perovskite. The change of halogen atoms from chlorine, bromine and iodine
can make the luminescence of perovskite cover the whole visible region. b The change of "B"
ion affects the luminescence properties of perovskite. ¢ The change of "A" ion affects the
stability of perovskite materials. d The transformation of CsPbX3, Cs4PbXs and CsX
nanocrystals was realized by extracting and injecting CsX and PbX; materials. TEM pictures
of CsPbX;, CssPbXe and CsX nanocrystals
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Figure. 1.5 Reasons for high tolerance of perovskite materials. There are three reasons for the
perovskite materials with high tolerance, including the formation of shallow-level vacancy
defects in crystal structure but no other point defects; the unique crystal structure of
perovskite materials electronic structure makes vacancies benign; its dynamic lattice effect,
such as the formation of polarons, prevents carriers from being trapped by defects. a Typical
point defects in perovskite, including vacancies, interstitial atoms and displacement atoms,
and their depths in bandgap. b Electronic band structure diagrams of semiconductors and
perovskites with low typical defect tolerance. In traditional semiconductors, such as CdS
systems, band gaps are formed between bond and anti-bond orbitals. Point defects or
dangling bonds occur as weak bonds or non-bonds in the bandgap. In perovskite, the bandgap
1s formed between two antibonding orbits. Therefore, the defect states can only be formed or
enclosed in the conduction band or valence band at the shallow level, and therefore will not
strongly affect the radiation recombination and other optical properties. ¢ A schematic
diagram of the lead-bromide frame structure of polaron formed by combining with electric

carriers.
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represents the threshold of each structure laser

BT m A i 20 (] B B TR SRS T R R a5 3R &
TRERST =T 10 90K, — P ERRRSE KRR, FHitmk s 8
HEEENE. AT HERETET AT ETRENEERE, B -F TR
fEAZE 951 SHRM Rl EEL R EAREL, RES e BT A EA T B =
TR R KRR, ER RN 7R, XM R B T B
MEt B R G BT A E TR AT A, BT i T s
PAERAER, B @B T Ed T2 AR, o) BB SRR ER rad
EH&@E@E&@E’J@KF@%’SS@& FERAITESF, BT R I3
HEER, T BRI T e ﬁT%ﬂﬁ% PP AV 2 SR LB I E AL

TN S22 R R LB IE B PP %) IR - e H T RE S R e B
i ERDE =, SinE T RaRREmA. BHWMTES.

HATT LA 0 BT, IR T BT AR AR RN S i = RO
TER A ROSOYE TE R E A B 12 TRV 2 & IRV, IR R CdSe B+
RRIHRIA R EAE 5 ML 5 . A SRS SRR T B
TRl E R R ARG 1 R LA R R . BRI, SRR 5 A
MR FERITL . EAE TR RSTREC, 6 S Rk iR IRE R, M

14



E—F #it

A TR IARDtEA . BRARNET SAEGEARE S, BERERPIRRE R
ENSP &8 1) ON:Up UK

EREE T REOCHERES, D EERRRIRE N PR A K
B EAET RS, MRS R T AR, Oy 7B,
] LAAE P TR BB AR 4R B e OT RAURAER ¥ RS, MBI E T
T RE R . o — TR B R, AT TS, BT E T AT
T T ot R AR Y S O R 2 A o B T IR AN BE T I 2R KA
R T RRERNGFEE RS A TFREEER, B DT B0 AEE 4
MR 75, MR, B AP AR AR ERRE S
TIAERL, MR IR &7 R BT 9. ASE ISR R 525t i m RN
R, TMOGFEE R RN ET RIENREE. N TERFNET R, REEAE
e AR AL AR P e RIS 2. DA T I BT SR AMESE BLROG g 2.

B £ S — RS L BT OB RISk R O, I R BT SRS IR A
ZAMEEA A s D AR S FIN N E T AR R B P ERENR R
W7 RO AT 2RI, BT AP R, AT DA AR KSR s MR R
R T HiFE.

N T BRI R AEOLEE, A AT B BRI E RN E T R T
A ARANF 1 B eSS EALEAT 4 o T RSHNET S, BT AT EE
AR AT, AR ARSI FEAT . BT R A ORI [ 1 B RS, BT
SEHNUAREIE, AWTRALS, AWTMREEZ85.

15



BSEH GRS M B RN A

optically active optically passive

oo OE

b
| XX> Pyx
%PX 2yPex | W\ SE
[X> Py
%PX 2vPy | VP ags
|0> P,

B 110 a E7 S AR K =ARE, BEES. NERFABTSIRETS. biX

LRI TR RCIER IS %, BRI R CEAE PRy, By R L3

Figure 1.10 a The three states of gain generation in quantum dots include ground state, quadruple
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represents the transition probability.
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Figure 2.1 Surface plasmon propagation mode
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Figure 2.2 Sketch view of nanowire plasmon laser. The plasmon laser consists of a CdS nanowire,

Ag thin film and MgF; isolation layer in the middle. The thickness of the isolation layer is a

few nanometers. The illustration shows the SEM diagram of the plasmon laser.
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Figure 2.3 a The VLS growth mechanism of one- dimensional nanowires. b Solution growth
mechanism of one-dimensional nanowires. ¢ InAs/GaSb core-shell nanowires grown by VL S.
d CdSe nanowires grown by solution method. e, InGaAs nanowires fluorescence range from

ultraviolet to near infrared

2.2 FEBITAAREL R FIF
AL SATIRE (CVD) AT DUE K R E4F /) CsPbBrs Bédgiokek, Bk
ERB RO T P
1. Fsfls, A SAREMBHES A CsPBrs B EFUK,
AR JIEFTRVIFL lem*1em /M A, A 282, M. & T
Ko ARETE 15 min, FFHEEMREEARIICREKT. £RFH
HIRHEISEETRBIEALPELE 90 s ABIEALF EH R HEIFE &

30



%5 S FRERIT YRR

P&

2. PAEEJRER 101 FUEEHIFR & PbBrs Al CsBr FE 50, FEALIR AT 51 HE]
AFAA, CEEMILEREFAER CVD F AR RN
F CVD A HER] N, WRERME Y 9-15 om JalE. HER)
CVDREA 570°C, FHREHEA 25 min, MAMNSENES, =
FEA 90 scem, RE CVD HIHSUEA 400 Torr, AT [H]15 E
N 15 min. TEEABEERAZAT, CVD RYA0FH4 R 22 i 3 S A
A FORLE, AN E IR, HE N B R 2L R B R A R
k.

3. HERKTERLRY CsPbBrs 8K 4 AT DU HORE AT R i A R BT
[ TG o A8 7 V2 SR AR IR A Rl CsPbBs 2K 4R, 2 )
HE7H CsPbBrs 49K RIHRFRIUR  E Bt e b, i hnd,
PR A AT LA CBLTE, T CsPbBrs #4242k u] LR B 76 B R4t
&L,

TE 2.4 AFE A CVD EE R E:

Heating Coil
Magnetic Valve  Vacustat

Wy

T I,

FLOW METER

Pressure
=] Monitor

. Pressure
"0 4 =l Controller

Temperature Heater
Controller Controller

B 2.4. & M ESEEERAT CsPbBrs K48 CVD BLE R E E

Figure 2.4. CVD configuration diagram of synthetic single crystal perovskite CsPbBrs nanowires
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Figure 2.3 SEM of CsPbBr3 nanowires. The illustration is a cross-sectional SEM of CsPbBr3

nanowires. The scale bar in the insert is 100 nm.
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HaRES.
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Figure. 2.6 TEM diagram of CsPbBr3; nanowire. The illustration is the electron diffraction pattern

of CsPbBr; nanowires.
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Figure 2.7 Fluorescence and absorption spectra of CsPbBr; nanowires
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Figure 2.8 Schematic of a plasmonic nanowire laser; a single CsPbBrz nanowire on an Ag film
with a Si0; spacer layer, the thickness of Si02 spacer layer is 5 nm. The inset is the sectional

view from the x-axis
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Figure 2.9 a, Numerical simulated of electric field distribution for a CsPbBr; nanowire on an Ag

film with a 5 nm SiO; spacer layer at a wavelength of 520 nm. b, Cross-sectional electric
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ficld distribution along the white dashed line in (b), indicating a strong confinement in the
5103 gap region.
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Figure 2.10 Numerical calculation of effective mode index as a function of the nanowire height

for a plasmonic and photonic lasing geometry
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Figure 2.11 System configuration for testing photoluminescence and laser characterization
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Figure 2.12 Plasmon laser characterization of single CsPbBr; perovskite nanowire. With the
increase of pump flux, the spectrum shows the transition from spontaneous emission to laser.
b, I shows the optical image of CsPbBr; nanowire without optical pump. The scale bar 2 pm.

II-IV shows the fluorescence image of CsPbBr; nanowires below and above the laser
threshold. It shows that the emission of both ends of the nanowires is obviously stronger and

has obvious coherence.
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Figure 2.13 Linear relationship between F-P mode spacing of plasmon nanowires and reciprocal

length of CsPbBr; nanowires
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Figure 2.14 The spontaneous emissivity of the radiation source coupled to the surface plasmon
structure is enhanced under different size constraints. The influence of surface plasmon on
different nanostructures can be divided into intrinsic (dotted line) and cavity (solid line)
enhancement, in which the cavity structure is the cavity mirror structure of F-P. The red solid
line shows the limit of the plasmon, which is dominated by the nonlocal effect. This limit can

be achieved by using metal nanoparticle resonators.
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Figure. 2.15 a The fluorescence decay curves of CsPbBr; nanowires on Si02/Ag substrates with
different thickness of isolation layer (Si(;) are 5, 10, 20 and 100 nanometers, respectively. It
shows that the lifetime of CsPbBr3 nanowires devices increases with the thickness of Si0,
layer. b The Purell factor estimated from the radiation lifetime is a function of the thickness
of 8i10;.
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Figure 2.16 FDTD numerical simulation of electric field of nanowires with different Si0O; layers a

S5nm, b10nm, ¢20nm, and d 100 nm.
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Figure 2.17 Purcell factor affects the output characteristics of laser. The relationship between the
number of photons and the total number of excited states and the pumping rate is shown.
Because of the change of beta factor, the process from spontaneous radiation to stimulated

radiation becomes smeared.
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Figure 2.18 Loss of Different Metal Materials in the 200-1200 nm Range
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Figure 2.19 STM of epitaxy growth of silver film on silicon 001 substrate. The left-hand
illustration shows the silicon 001 substrate. Silver epitaxy mainly grows 111 crystalline form.
There are two kinds of structures, alpha and beta. The right-hand illustration shows the LEED

pattern, showing the coexistence of the two structures.
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Figure 2.20 AFM characterization of Ag film surface. The scan area is 1 pm*1 pm. The roughness
of Ag film is ~1.5 nm.
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Figure 2.21 Light-pump mtensity curves fitted using rate equation analysis. The fitting result of
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Figure 2.22 Threshold dependence of plasmon nanowire lasers and optical mode nanowire lasers

on nanowire length
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Figure 2.23. Laser modes of plasmon and photonic devices based on CSPbBr3 nanowires. (a) The
schematic diagram of the plasmon laser device (CsPbBrs/SiO»'Ag, 5 um in length and 200
nm in width) and (b) the optical mode laser device (CsPbBr3/Si0O», 5 pm in length and 200
nm in width). The observation direction is x direction. (¢, d) Top-view near-field numerical
simulation based on the above models (a) and (b) electric field {color map) and oscillation
direction (arrow map). Polar coordinates of emission intensity of plasmon laser (¢) and

optical laser (f) under circularly polarized pumped laser.
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Figure 2.24. Optical measurement of emission intensity of plasmon laser excited by linearly

polarized light. (a) The measurement schematic CsPbBra/SiO2/Ag (length 5 um, width 120
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nm) of the plasmon nanowire laser pumped by a linearly polarized laser is defined as the
orientation of the nanowire. The pump laser (Ein) 1s set to be linearly polarized with an angle
parallel to or perpendicular to the nanowire axis. (b, ¢) The radiation spectra of CsPbBrs
nanowire plasmon lasers pumped by parallel (Ein//C) and vertical (Ei | C) lasers,
respectively. The color represents the laser spectrogram collected in parallel (Eow//C, red) and

vertical (Eow L C, black) directions.
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Figure 3.1 a The diamond atom structure of the nitrogen vacancy center consists of a substituted
nitrogen atom and a neighboring diamond lattice vacancy. b Electroluminescence of diamond

nitrogen-vacancy centre.
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Figure. 3.2 a Single-Layer BN structural diagram. B confocal microscope scans the fluorescence

image of multilayer BN. Some bright spots represent a single defect.
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Figure 3.3 A down-conversion source generates a pair of photons with mode 0 and 1, in which the
photons in mode 0 generate another pair of photons 2 and 3 in the second source, generating

a photon triplet.
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Figure 3.4 Energy levels and relaxation processes of quantum dots as quantum light sources. a
Exciton is a typical three-level system, including bright state, dark state and ground state.
Light and dark states are transformed by spin changes. b The difference between the two

bright states of excitons is due to the fine structure. ¢ The C biexciton state has no
corresponding dark state exists. It can relax down to the ground state by cascading release
two photons with the same polarization. Vertical polarization of photons relaxed by two

relaxation paths
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Figure. 3.5 The different energy levels and transition process m quantum dots. The cucle

represents the electrons in quantum dots, and the hollow ring represents the holes. Biexcitons

can decay to exciton state by releasing a vertically pelarized or horizentally polarized photon.

Trion can decay to the electronic state (or hole) by releasing a circularly polarized photon.

The bright and dark states of excitons can be transformed into each other by spin flipping

process. Non-radiative processes are common in these transitions.
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Figure 3.6 Selective excitation of quantum dots is achieved by adjusting the standing wave mode
in nanowires. a, Fluorescence imaging of quantum dots on silver nanowires under wide field
excitation. Highlights A and B correspond to the fluorescence of two separated quantum dots

A and B, while strip-shaped fluorescence images correspond to two adjacent quantum dots

{quantum dots C and D). b, and four quantum dots fluorescence intensity correspond to phase

mcremental of laser beam.
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Figure 3.7 Fluorescence lifetime of CdSe/CdS quantum dots (red), QDs/S102/An,..4, (gray) and
gold-encapsulated quantum dots (crange)
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Figure 3.8 Confocal microscopic fluorescence spectra of single CsPbBrs quantum dots. The
second-order correlation function of a single quantum dot under pulsed light proves the

single photon emission process of a single quantum dot.
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Figure 3.9 X-ray energy spectrum of CsPbBr; nanoplatelet solution shows that the composition of

the sample contains C, O, Br, Si, Pb and Cs.
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Figure 3.10 Normalized fluorescence spectra of CsPbBr; nanoplatelets in solution.
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Figure 3.11 TEM image of a CsPbBr: nanoplatelets. b High-resolution TEM image of CsPbBrs
nanoplatelets, the upper right corner is the Founer diffraction spot of CsPbBrs nanoplatelets.
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Figure 3.12 Electron diffraction pattern of CsPbBrs nanoplatelets

#F CsPbBrs gk i B BT R 1 EH AFM HTHE, #2 CsPbBrs 49K
FERRE, RRIFEETTEY sioysi HEL, (8 ArM 3, FEEEMR
B8 38 CsPbBr 93K H, B BV E IR RS, M TTTE AE IR A BT (% CsPbBrs
K HRERE BT, B 3.05 a h CsPhBrs 2 B9 ATM [, HhEENZE A
CsPbBrs #92K ', 7] LA B CsPoBrs #4K  FHKEEEF—3, X5 b A
EE/ CsPbBrs 842K A B9 AFM H, R~129430nm, EE#4 4nm. 5T CsPbBr
HK AT R AFM B 4o sRii b, EERA T BIR 2 CsPoBrs 49K A% AFM
omEE, FTLARINME RS RRE— B,

a b
* Snm 40 Bnm
=20
0.0
10 20 30 40 50 60
= n

m

Onm Onm

B 3.13 a CsPhErs 84 B 67 AFM H. EWF B S10281 #1E E CePhBra i Hr #7 AFM
H, AEHEHES S00am=500am. b (a) P2 CPbBra g S aT AFM B, Rt
% 30nm, EEFH R dam. Bit AFTM I EFHIES TEM F1E R —7.

Figure 3.13 AFM image of a CsPbBrsnanoplatelet. The AFM image of the CsPbBrsnanoplatelet
on a flat surface 2102051 substrate with a scan area of 500 nm = 500 nm. b (&) AFM image of
a single CsPbEBr3 nanoplatelet with a size of approzimately 30 nm and a thickness of
approzimately 4 nm. The data measured by AFM 13 consistent with the results of the TEM.
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Figure 314 The height of the CaPbB 1z nanoplatelets. The average thiclmess of the CaPhB

nanoplateletz iz 3.3 nm
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Figure 3.16 CsPbBr; nanoplatelet exciton binding energy. a Fluorescence spectrum of CsPbBr3
nanoplatelets at different temperatures under 403 laser pumping. b The relationship between
the integrated intensity of CsPbBr; nanoplatelets and 1/T at different temperatures and the
fitting results.
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Figure 3.17 Schematic diagram of the sample structure, including silver nanowires and a silver
filtn substrate with a 5 nm 5102 spacet, with CsPbBr3 nanoplatelets in the middle. There iz a

layer of organic small molecule separation hetween the nanoplatel et and the silver nanowire.
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Figure 3.18 SEM image of the sample structure, the length of the scaleis 20 nm
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Figure 3.19 AFM diagram of a S102/Ag substrate. a is an AFM image of $102/Ag film (5 nm/50
nm) with a scan area of 5 x 5 um. b shows the height of the blue line in (a).
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Figure 3.20 Parameters Psi and Delta measured by the ellipsometer and the results of the fitting.
The CsPbBr3 nanoplatelet and the small molecule 4M1ACS6 were spin-coated onto the
S102/81 substrate under the same conditions, and the measured parameters Psi(a) and
Delta(b) were obtained by fitting to obtain a small molecular layer and a CsPbBrs
nanoplatelet. The total thickness is 13 nm and the refractive index is 1.3.
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Figure 3.21 Schematic diagram of silver nanocavity structure to enhance biexciton generation

68



BoE MGG ETRT

CsPbBrs S K F T & T ee s i 322 iR, EiNA#T R,
BTEMAIESBNES|E,) MRE|£,). =80 LB EHFRTHRART
FEE, R UED EEHTOTM AR, REXERD FEHITRH AR
F. SEHRESHXAEZFTFEREAAFLRZ. SETRENELIREET S
1 Blinking 13 #2. M FSET L, BFERENERS S Rashba &, B
SRR T ReTm TFREMEEE (Y1 GOEWE Tk, WETE2HR M
BER BGE, WBTERF—1|£,), FUNETFHELERT Blinking 1312
HEE. O ok H ek i

Byl |B) @ M| £, |2, SURES|g) 2
POTEIEE), RHMEFRALERRE. U TEEHFEE ho, RETH
BT RELE MBI T RER N E h o, =F, -, EHIWIETEaEREATHT
o2, BT RENEESEAD, HAOAREERA, =ho, e, , HETEA
WIHARB TR TESR. TAE L, TUEIEEFRFREENTEHIT—
AETEIZE I, BRI ST RGN R EMETH TR 4. BATE
THREEM K BRAREEME ZEEE, AT EREEENERE,
FREEFMEZETEIET 5 nm K ZE40BEFE, BT HEEERAREHER
MR, EHAMIACS MG TFERIFSHE, MM TFENSRESRESE T,

Exciton Biexciton
2E,)
|E_1.'.h>
\ |E‘l‘ﬂ'> |Exx>
A.l'm' I!xr
l V.-rx E >
;v:; " | x
¥
H b
g) g)

a2z @rRNMFHREEENTEE. BTEREARSEENES. ZETLR
ITESTERT I ARRT B E S, thelLUET REHERT RN A IR BEXERTE
JBAFI M AABRE. REARENEANZ2BET MRS E. STy #i,
BT B ENERE RN Rashba 3R, BEMNEETHsETASNEE. A2

a9



PR KA RO B RS

Braed, WTrEREMNGERRS, WHTERE . EFNETMRERT

PIERRT 88, AT ZRIRGEEZARTFA SR, WHTFHEREmZIRTFIRE

A, FER L EERRAET BKFRIREDE T, FHESERTERBBIESTDL
T ARARE -

Figure 3.22 Schematic diagram of the energy level structure of excitons and biexcitons.
Excitons have two states: bright and dark. The bright state can be transitioned to the
ground state by the form of a radiation transition, or it can be relaxed by a non-radiative
transition. The dark state is mainly relaxed by means of non-radiative transitions. The
difference between the bright state and the dark state is due to the difference in spin. For
perovskite materials, the energy of the dark state may be higher than the energy of the
bright state due to the Rashba effect caused by the spin-orbit coupling. On the right is the
biexciton level, the biexciton 1s a typical four-level system, and there is only one
biexciton state. Usually the energy of a biexciton is less than twice the energy of the
exciton, and the energy difference between them is the exciton binding energy. Biexciton
relaxation can only relax to the excitonic state and release a vertically polarized photon or
horizontally polarized photon with the same photon polarization as the exciton state is

relaxed to the ground state.
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Figure 3.23 Spectral properties of the coupling of CsPbBr3 nanoplatelets with silver nanocavity
structures. The fluorescence spectrum (P 1) of CsPbBrs nanoplatelets on the silver nanocavity
structure is shown as a symmetrical fluorescence peak. This peak is the fluorescent peak of
the CsPbB13 nanoplatelet exciton. The fluorescence spectrum (P1) of CsPbBrs nanoplatelets
on silver nanocavity shows an asymmetrical fluorescence peak. On the logarithmic
coordinate line, a new peak appears at the position to the right of the exciton fluorescence
peak. The energy of the excitons differs by about 95 meV. The inset is an SEM image of a
nanocavity structure with a scale length of 1 um. P1 and P2 are schematic laser diagrams that

are not in the nanocavity and on the nanocavity structure.
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Figure 3.24 Fluorescence spectra and peak fitting curves on silver nanocavities in linear
coordinates. The exciton peak and the biexciton peak can be clearly seen by the method of

peak separation.
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Figure 3.25 Variations in exciton and biexciton power-integrated fluorescence in WSez. The
power dependence coefficient of the exciton is 0.84, the power dependence coefficient of the

biexciton is 1.42, and the ratio of the power of the biexciton to the exciton is 1.69.
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Figure 3.26 Variable power flucrescence plot on the nanocavity structure and not on the
nanecavity structure. a Fluorescence intensity change graph of excitons not on the nanocavity
structure with pump power from 20to 130 WW. b Fluorescence intensity change diagram at

different powers on the nanostructure. It can be seen that the rate of change in fluorescence
over the silver nanostructures is significantly faster than the rate of fluorescence growth that

1z not on the silver nanostructures.
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Figure 327 The power (purple) dependence of the excitonis k=0.94, the power dependence of
the biexciton (red) isk = 1 83, and the power dependence of the biexcitonis 1.91 times that
of the exciton
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Figure 3.28 In We», the exciton and biexciton fluorescence lifetimes are shown in Figure 3.28.
The exciton fluorescence lifetime is 1.504 ns and the biexciton fluorescence lifetime is 0.793

ns. The ratio of the biexciton to the exciton fluorescence lifetime is 1.9.
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Figure 3.29 Excited state dynarmics process. a Time-resolv ed biexciton fluorescence process,
which can bewell fitted with a single exponential fit, and the fitted result is 5, =510+ 5 ps
b Smgle exponential fit to the lifetime of exciton relaation, the result of the fit is %, = 1170
+ 10 ps. The fluorescence lifetime of the biexciton is approximately half of the exciton
thuorescence lifetime (0.44), which is very good in cormbination with the theoretical value
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Figure 4.1 Dipole resonance model. a Schematic diagram of two coupled resonators and an
external driving force model. The harmonic oscillator amplitude || of'the forced vibration,
the coupled resonator amplitude is |¢, |. The forced vibrational resonator exhibits a
symmetrical peak at the eigenfrequency ;=1 and an asymmetrical peak at w>=1.2. Coupled
resonators only show symmetric peaks.
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Figure 4.2 Relationship between the Fano coefficient and the phase difference. When the phase
difference between the two systems tends to () and x, the system can be regarded as not
coupled with the continuous state, showing the Lorentz line type. When the phase difference
between the two systems tends to n/2, the system can be regarded as not being separated.

When the system is coupled with both systems, the Fano line type is exhibited.
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Figure 4.3 Scattering spectra of metal nanoparticles and quantum dots at different distances in a
strong external field. When the distance between the metal particles and the quantum dots
becomes longer, the interaction between the two becomes weaker, and the scattering
spectrum changes from an asymmetric line to a symmetric Lorentz line. Fano resonance has a

linear process that becomes a nonlinear process
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Figure 4.4 The spectrum of metal nanoparticles and quantum dot systems scattered under different

interaction distances under weak interaction. Under the weak interaction, the scattering

spectrum of the system tends to be Lorentz linear, which is closer to nonlinear interaction.
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Figure 4.5 Absorption spectra of exciton states and tri-states. a Absorption spectrum of the two-

level exciton state in the linear region, and the absorption spectrum at this time is a Lorentz

line type. b, the absorption spectrum of the nonlinear de-two-level exciton state. At this time,
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the exciton state still exhibits the Lorentz line type, indicating that the two-level exciton state
does not participate in the nonlinear process with other extemal states. The absorption

spectrum of the negatively charged tri-state of ¢-h changes from a linear Fano line with low
pump power to a nonlinear Fano line with high pump power. The absorption spectrum

obtained by i-h is in good agreement with the experiment.
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Figure 4.6 The polarization direction of a biexeiton in a silver nanostructure is along the direction
of the silver nanowire. Prove that plasmon mode has an important influence on the generation

of biexcitons
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Figure 4.7 Fluorescence polarization characteristics not on silver nanostructures. ais an SEM
image of the nanocavity structure. b is the intensity map of the different polarized
fluorescence at point P1. The results show that the fluorescence polarization is not randomly
polarized on the silver nanostructure (P1), which proves that there is no mode existence on

the silver nanostructure.
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Figure 4.8 shows a schematic diagram of a biexciton using nonlinear Fano resonance. Perovskite

nanoplatelets absorb an electron-hole pair to reach an exciton state and absorb a second

electron-hole pair to a biexciton state.
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Figure 4.9 The scattering spectrum of a plasmon nanocavity structure is a symmetric scattering
peak, and the scattering spectrum with CsPbBr; nanoplatelet structure is an asymmetric
gcattering peak. The result of fitting in the horizontal and vertical directions using the Fano
line is 0.25 and 0.21. This asymmetric scattering peak demonstrates the generation of
nonlinear Fano resonances. b is the result of FDTD simulation using a model of Fano

resonance, and the obtained result is similar to the measured result.
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Figure 4.10 a Scattering spectra corresponding to nanocavity structures of different thicknesses of

silver nanowires. b plasmon electron holes cannot achieve resonance transfer of energy.
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Figure 4.11 the fluorescence characteristics of CsPbBr3 nanoplatelets under silver nanowires that

cannot be excited by biexciton energy. A-c contains the scattering spectra of different

nanowire-sized nanocavity structures of CsPbBra nanoplatelets, and d-f corresponds to the

fluorescence spectra of nanocavity structures with different size nanowires, showing only

exciton luminescence. The power dependence of g-h shows that the power dependence of

only exciton states increases linearly in the nanocavity structure.
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Figure 4.12 Fluorescence characteristics in a nanocavity structure at low pump power. a The
change in power between excitons and biexcitons with a spot diameter of approximately 20

um. The exciton peak and the biexciton fluorescence peak can be distinguished, and the
nonlinear growth process of the biexciton can also be clearly observed. b The curve of the

exciton and the biexciton fitted with Gaussian.
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Figure 4.14 Electric field enhancement in a metal nanocavity structure. The electric field strength
in metal nanocavity structures with different silver nanowire diameters was simulated by

FDTD. The a-f nanocavities correspond to diameters of 40 nm, 50 nm, 60 nm, 70 nm, &80 nm,

and 90 nm, respectively. The electric field enhancement in the nanocavity structure is about 5

times
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Figure 4.15 CsPbBr; nanoplatelets on glass (a) and on the nanocavity structure (b) exciton

lifetime changes
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Figure 4.16 Fluorescence of oscillating-stage pumped CsPbBr; nanoplatelets without silver
nanostructures. The oscillating stage used is 80 MHz ~ 100 fs. The figure shows the

fluorescence of different power pumps at a 6 um spot area.
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Figure 4.17 Fluorescence of the pumped CsPbBr3 nanoplatelets on a scale without silver
nanostructures. The amplification stage used is from 1 kHz ~100 fs, and shows the
fluorescence of different power pumps at a 6 um spot area. It can be seen that as the pump
power increases, the biexciton peaks gradually appear. Figure b shows the excitation curve

with a Gaussian fit of the exciton peak and the biexciton peak. Panel C shows the laser

threshold for a biexciton pumped at the amplifier stage, which is approximately 7 pW.
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Figure 4.18 Using the femtosecond amplification stage to measure the fluorescence of CsPbBr3

nanoplatelets without silver nanostructures using the boost power and the power method, the

process of lifting power shows that the CsPbBr3 nanoplatelets are not damaged at this time.
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Figure 4.19 A pump-probe method to absorb two photons to reach biexciton state with Carbon

nanotubes.
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