G Yatsmxy

University of Chinese Academy of Sciences

Wt FAre e

fEEEE.
s ik

FARLFA:
¥REL:
HrFr AL

20194 6 A






Charge-carrier dvnamics of perovskite micro- and

nano-crystals

A dissertation submitted to
University of Chinese Academy of Sciences
in partial fulfillment of the requirement
for the degree of
Doctor of Philosophy
in Physical Chemistry
By
Yang Bin

Supervisor: Professor He Guozhong and Han Keli

State Key Laboratory of Molecular Reaction Dynamics
Dalian Institute of Chemical Physics, Chinese Academy of Sciences

June 2019






PERFERKE
st FAne s E R AR

AAREFEY: B2 ZNFA IR A NE TIMIIER S NS HATH T
TARPTEUS R AR . REPTRL, BRoCh 2aiE 5| BN A Sh, ARSI E
B AR HoA A A BRERAR O 48 5 3R sl T I A P RCR o X ST SR T
TAEM I D ER AT He At AANERAR, 29 A= AR AR 77 20 b5 1 BUELAT .

fRE% A
H

PERFERKE
FALCRAE A EA

A NTEL T T FIRE 57 B R A e A 22 (R AT A F 2267 18 SO RS
B o (AR Be A R B IS A AR MBI A, evrizie XA R, A BAER
FARB T A TR A R PP AR =B SR A A6 i X & W eEB oW A, /1
PAKHIREED . Aabp sl A B H FERF . ICWMAFLIR.

BE RAEIE T Y S0 SR AR 3 B AR o 15 A P

1EEEL. SImEEA .
H HA. H #8.






wmE

B

VEJUAER, FSERE R B 72 R H TR BH AL s, SHEERINES . Bk, Aot
CHE SR AN, SRS — RPIE TSR . AR LB ) A AR R
o MUK SR B AT A, R GE, ARREOCEE 1R R, e
TR R, e R R, Rt RE.

AR TAER TT T —FF - AL LA $K0 CH3NH;PbBrs L 80
TR ¥ BRI EM R EE BRI T ZHEE S RE 22 mIom D). &
IR FE (1RO SemBRGI TR E35HI T, B 5z A Bl
(diffusion); MAZEGERY T, SR THEZATIEIG] (drift). BF5RIE K IE]
ST G, shfaAomERAEN, RSt BERRNE
o B AT B4 1 R O o SR 0 A ] DA — B AR T R A R i M R

A TARG & 7 —F0 B e R U N2 TS s ot R
ME . KBRS HE AR T BA B IAZSE B 1) CsPbBrs fld, B 78 H i |
DHROLITE R E B T EERET BUT N, FHBRTERRET 100
em’V'S™, BT A E CsPbBra iR It IR ES n] LASCHL R AU i I . 1B
SRR BB S R0 R (10° A/W ). Ak 2t B BRI % B e o B2 [A]
(1ms).

BAREHMRT A NERE, BREEASE LR, T AERITEIEREE,
WAME SR TE TP FRE MR E - A 28 TAES] & T = tEsedR
AL RIE . HAREE T — &8 (MAsSboly) TTRMAERN g, i
FH R T ) /15 R IZ 5 5 B A B IR T 8RB R B i Bd R
K RBES RN A R B S A R OB, PISEBAE 9556 T s R B K2 (40
AW). AL, BRI RIZ S EIRIEE B A <1 ms BUPREMRI ], 285 Sb
BT R E S A R RS

AXENE S TAER A TARMERT ARSI NF. BAHAAT
Cs3BiyBro #1K & & 5630 7 F AL IR, (51 3 [ BH A5 40 35 A IR 2 p Bl R e e i E
TR P AR A LT TSR 9k S8R T30 F R I RGETES
PR LS . —F SRMEIEAESE, o LUBN RIS HEAE: Bt e



PHERA A B AR B R TR 1T I

HEREE (HRES), FEREHTHEIAERGTRIAR, ™4 R RE-E T
&, SEMBILESEAES. DHASIAES, it ita st —HEA BiEA
BRI XU B 404 5 Cs,AgIngBi £Cls (x=0.75, 0.9). B M AR 40K &
EABDIIBRIES, AR EHE LR (36.6%) . % AT kB IR A%k
WA T T .

REEWE: FVHE, SURRNE, JEEERET, BRTEi I, ol

II



Abstract

Abstract

Recently, perovskites are widely studied for solar cells, photodetectors, lasing
and light emitting diodes and a series of breakthroughs were made. In this paper, we
study the charge carrier dynamics of perovskite micro- and nano-crystals and try to
understand the key parameters for achieving high performance. In addition, we
develop new perovskites and new perovskite-based devices to improve the
performance.

Firstly, we studied the charge carrier dynamics of organic-inorganic hybrid
perovskite CH3NH;PbBr; microcrystals (MCs). Two-photon-pumped amplified
spontaneous emission with low threshold of 2.2 mJ cm > was obtained. We fabricate
photodetectors based on single CH3NH3;PbBr; MCs and map the photocurrent with
spatial resolution of 1 B m. We find that the charge carrier transport in the MCs is
dominated by carrier diffusion at low voltage bias while which is dominated by
carrier drift at high bias. Furthermore, photocurrent shows strong spatial variations,
which mainly originates from the inhomogeneous distribution of trap-states across
perovskite MCs. This suggests that there is still large margin for improvement of
perovskite single crystal devices by better controlling of the traps.

Secondly, we developed an ultra-sensitive and fast all-inorganic perovskite MCs
based photodetector. We demonstrate a simple solution growth method to prepare
CsPbBr3 MCs with low trap-state density. Time dependent photoluminescence study
indicates that CsPbBr; MCs exhibit fast carrier diffusion with carrier mobility over
100 em?V'S™!. Furthermore, CsPbBr; MC-based photodetectors with high charge
carriers’ collection efficiency are fabricated. Such photodetectors show ultrahigh
responsivity (R) up to 6 x 10* AW !, Moreover, the photodetectors exhibit fast
response time of =1 ms.

Although lead-perovskites have many superiorities, lead is toxic to both human

and the environment. In addition, lead-perovskite exhibit poor stability in air. Thirdly,
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Charge-carrier dynamics of perovskite micro- and nano-crystals

we developed a high-performance photodetector based on (MA3Sbaly) microsingle
crystals (MSCs). The MA3;Shy]p single crystals exhibit a long carrier diffusion length.
The MA3Sb,lo MSCs base photodetector exhibit efficient charge carrier transport and
the responsivity can be reached to 40 A/W at low light intensity. Furthermore, the
MA3Sb;Iy MSC photodetectors exhibit fast response speed of <1 ms. These numbers
are comparable to the lead-perovskite single-crystal-based photodetectors.

At last, we studied the charge carrier dynamics in lead-free perovskite
nanocrystals (NCs). The charge carrier dynamics of Cs;Bi;Br; NCs were studied
firstly, the results indicate that the low photoluminescene mainly originate from the
fast carrier trapping processes. We next study the charge carrier dynamics in lead-free
double perovskite NCs. Femtosecond transient absorption studies indicate the
presence of two prominent fast trapping processes in the charge carrier relaxation. The
two fast trapping processes are dominated by intrinsic self-trapping due to giant
carrier-phonon scattering and surface defects trapping, respectively. Lead-free direct
bandgap double perovskite NCs, i.e. Cs,AglngBi;_Clg (x =0.75, 0.9) are designed. A
PLQE of 36.6% for direct bandgap NCs is comparable to those observed for
lead-perovskite NCs in the violet region. The successful design of lead-free direct
bandgap perovskite NCs with superior optical properties opens the door for high

performance lead-free perovskite optoelectronic devices.

Key Words: Perovskite, Photodetector, Lead-free perovskite, Charge -carrier

dynamics, Ultrafast spectroscopy.
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Figure 1.8 a) Photograph of ~=100 photodetectors fabricated on an MAPbDI; single crystal
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single crystal wafer. ¢,d) Photocurrent response measured using an AM 1.5G solar
simulator (light intensity: 100 mW cm_z). e,g) Photoresponsivity of a detector. f,h) EQE
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Figure 1.9 Lasing from MAPbI; nanowires. (a) Schematic of a nanowire. (b) 2D
pseudo-color plot of nanowire emission spectra under diferent pump fluences. (¢) nanowire
emission spectra around the lasing threshold. Inset: Integrated emission intensity and
FWHM as a function of Pshowing the lasing threshold at ~600 nJ cm’. (d) Optical image
(left) of single nanowires. The middle and right images show the nanowires emission below
and above Py, (scale bar, 10 1 m). (¢) TRPL decay kinetics after photoexcitation with

fluence below and above the threshold.
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Figure 1.11 Monodisperse CsPbBr; NCs and their structural. (a) Schematic of the cubic
perovskite lattice; (b,c) typical transmission electron microscopy (TEM) images of CsPbBr,

NCs 1!
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Figure 1.12 Colloidal perovskite CsPbX; NCs (X = Cl, Br, I) exhibit size- and
composition-tunable bandgap energies covering the entire visible spectral region: (a)
colloidal solutions in toluene under UV lamp (4 = 365 nm); (b) representative PL spectra; (c)

typical optical absorption and PL spectra; (d) time-resolved PL. decay 5.1l
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BT BEREA 2] 650 um®®), LB 505 R B MAPGBr B2 S A F T RHE
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ALV 20 e s 20 Aotk Bk, B A DL AL i (o), R R D L BE K 0 %7
wr At . UL T ZEERIH IO T O AT 2.

A H KT MAPbBr; 8131 775000 7, R AT AR B
B R, H R KBRS R Im K T iz MR 80 77 BORE ok,
EHERRIGSE S, B T e0AT 2 IR 45 5 AT Sl 10 B RE M, (R
AW TEA L E G SR R AR R . TS AR B B R B R R
17 HLH RSP R T4 s A 2, R s AR E A B IR E A R
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REPENRA T A& THE L 575K LK MAPOBr W& . BARMA T
HAOEF R BRI, AOLZHATR AR B HE A BE, = —MRERNM
PRI R .. R0 BEERME, NRlF R T R THIOE TR
RIVRIEENTTFEAT A Weoh, MR e & R T e sRilles, RS2 m s
B (1 pm) SGHE R RSO AR SRS TE SN b B8R T RAT .

22 ERERERWIL
221 HRER

B J6HE R MABr: 44 40 mL A KIS A 20 mL SRR AN R T RGIR
EVETL BRI SRR (0 °C) EAMEFRS T A NI RIS
BNV R BT REZEM 60 °C HIFAZET, HEH MABr B REERK. 15
FIf¥ MABr # A H OBAEBE =R, BRAEFHT, BEEGSAER MABr,
REBMANETTEMT 60°C R T

MAPbBr; 1 g i1 & B B0 5 I FHELZE &g &%, 45 1.24g MABr A
3.67¢ PbBr, fE =i FIEMF T 10 mL #) - FEBM (DMF) F1. 5 IEHE S KGR
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MRFEEIRENRS, WEREESERERKIREFME), EnSZER,
R E AT T THR B B I AT fI3tah, i 2.2 a, b s, Bl Al FEIR
&1 MAPbBr; 05

222 RIERMNEIFE

R X BHERRTHHMY (Xeray diffraction, XRD) %555 X pert Pro-1, LA CuK
a fENEESTE (L =1.54186 A). 2EHNAT RIS A5y JASCO V-550, DA
R AEARAE 190-900 nm JEHE AR, ®IGEEME S A Horiba JobinYvon
FluoroMax-4P. Ut T 528N K A CFHBUCAE AL (Spitfire Pro, Spectra-
Physic), & F 800 nm 1E A&, EEAZE R 20 8¢ 1000 Hz, Bk E<100
fs, Peouytih R M e il A AT . OB EUVE R A RO L R R R
FV1000MPE, W] BAZ3HITE 850 TR THOR RO N 5 8 90698 B 7070 A5 5t
T, AOGT R AR ) B AT B IR B S SR A IR A . R
SR B A BOLE AR, B 1064 nm GAFMEOUAE MR GIR, EEME R
3 Hz.

223 HRERE

SEM B h bR B EE K IS R T MROKE R, BAEN T
miElmAE (B 22 c d). MITRHARBEGR X 281 (Energy-dispersive
spectroscopy, EDS) X BN T 2 A AT Bk e A, EDS JuERUE B R
FERITE Pb M Br 5041 (E 22, 0, R SEESZFHEME. XRD
EATHHIE IS 20=14.92° , 21.14° , 30.21° , 33.72° , 43.00° , 4597° %
NE (E22g), 493 NFEEA MK (001), (011), (002), (021), (022),
(003) 5@, HEAHMAETHERI, FH M ES2 HENSERT
S5 o WRORCETE I R R s 1A RO S AE 550 nm I (Bl 220D, W RREAE
2.17 eV Eh, EEBERAERHES SRR, 5000 BoRROIEHIE
550 nm fffif, FRRCEIERE IR RIES. MRS LLRTIRIE T MAPbBr;
prer3- Rt DI
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B 2.2 MAPbBr: RBEK AFRIE: () KBREEAKREE: (D)HEERKFEE; (cd
MAPDBr:; & SEM Bl F; (ef) EDS TESARE: () B XRD FiF: (h) WR
b vt 8

Figure 2.2 Sample growth and characterization. (a) Schematic of the growth process
without disturbing. (b) A stirring bar is placed in the inner dish of the precursor solution. (c)
SEM image. (d) A selected individual micro-crystals. Element mapping images of Pb (¢)

and Br (1). (g) XRD spectrum. (h) Steady-state absorption and PL spectra.

224 FATFEHIBEHMR

ZRE KA BB RO E AR, B Tz B BCATE 550 nm KA,
B LA 800 nm #UR S8 RN AEF RMGE 2. 22 T 78 0.25-3.7 mJ/em® 138
RIAHE T, MAPbBr MG TREE S . EBRGBE LEGEHIE R
(<2.2mlem®), WBRITEBIVFAETE (230, £, W RN ERRE
(B 23b), EFHEAHR 20nm . 755 BEHBUR B E g IN 2212 e (&
23b, o). BEEBR GBS, MESZEESRER 2.2mlem®, 7k
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2%  CH;NH.PbBr; 4 5 63h 7758 Bk e i B (30T 70

RETRRA R (E 23, £, 3O0EHESTIAEAAE (B 23b), 258 7nm.
WG, BEEMENESHER, OLESEEER (B 23 o), SHEMAIREK
MEEELN Som. TES, PROMEFRBOCIEARE, X ERNRKER
EFE S AZEERET RO, BFAEOEHERL. I ROEER AR R
TAEATTUEF L (H23c), £ 22mlem’ AE NS E, %198 S X R E
S5 9 MAPDBr; 2 XOE T 2@ it ) BE . ZRARTIRE L5 256
thin, CdSe BT MM T2 R ETRE A 4.48 mlem™. REF b 12—
FRIRAF BT R BRSO RRL. EAh, BT B o8 AT LG RIR A s A 1EEER
Wi, SR SZIMGE ST e . T & B MAPbBr; (Cle (x=0.6, 1, 1.5)#
MAPbBr;. I, (x = 0.5) 5%, ZEEESEIE A LIZE 500-570 nm YO AR (A
2.3d).
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K 2.3 MAPbBrs fB AT RAEEN; () WHETREE A £: AREH%ENL: A:
ZREEHPOE: (b)) FILEEBRABEERLRR: (o WEBEHEBRCEERLRX

%; MAPDLBr; Cl (x=0,0.6,1,1.5) 1 MAPbBrs I, (x = 0.5)FISEBIRE 7k

Figure 2.3 Two-photon-pumped ASE from MAPDHBr; micro-crystals. (a) PL image below
(left) and above (right) the ASE threshold. (b) Pump-intensity-dependent PL around the
ASE threshold. (¢) PL intensity versus the pump intensity carves around the ASE threshold.

(d) ASE of MAPbBr;_.CL (x=0, 0.6, 1, and 1.5) and MAPDbBr I, (x = 0.5).
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225 BATRIETRAMDZFE

AT HRI MAPOBrs BRI EEN /1%, BATRABUCERE LR
WSRO 1. BRI ZM R S8 T BRI TR T
BEXG. BEREERTRER T, BEERRLESER, MaRENEHESE
59 (B 24a, b), EXETRRERT, RAEIOEESENGY, BRREN
MR RIMEB AR BRIARET (B 24c D

d C

o
o

—o—near surface 1 —o=—near surface
=== |nterior rd \ == interior

Intensity(a.u.)
—
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B 2.4 MAPbBr; S BT RIOET RN (a) BRATHETIRABESS; (b) Hk

FERTAEMABRIGESHE: (o) WATFERRTRABRES: () WKFHEERT

R AR TR L.

Figure 2.4 Local PL. measurement of MAPbBr; micro-crystals. (a) PL.image and (b) local
PL spectra under one-photon excitation (405 nm). (¢) PL image and (d) local PL spectra

under two-photon excitation (800 nm).
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RIAGHAE R EARNGEE, Hmad ARETOEAS . N akiXx—
TR, BATNR T BEFHOLROKEE (PLE ). BEUNITAT 4% T LA 27 3 AR I #T
B CAA IR 5 2 B R v 7 E BRI R R P AR M . BRATT RIS
FEER (X3 216 eV W FOLBE T IRR ERA, KRR AKN BT BN
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EE 216V, HEEREAEEINMHE 217V IEFHWME, BERiFHT
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Figure 2.5 Two-phoion PLE spectrum. T he pumped intensity was maintained at 1.4 m.J

-2
cm .

H—F TR, BRETERERT, AT 4000 WRARGER &1L
FM (24500 nm ), EAEETRIAESER, Wik i Fiss R ml e 7%,
MRANBR TR RENE, ReFRREAERARE. WHEALEE
FERBRTRRE T, ZRTFRAETIERE, MFHEE, Bk EH.
AN FERT, W4T UEEREHNE, BT AHEREER, Eik
EHBEEAEEN. BREETEEEAREENTEESES, FrLl&
& MR RTE R I A N E AH B, B AR R R B BRI R SR A,
SRMEABME. BT —F5 1T 85T M0 T8 R E8 [ 5 85 A5
. I 26 BUR, AEAFEET, BHEMRAESI ST A —MREHH
2 300-600 ps, HI—-1@F6rH 230-240ns. MEDHETEET, RE—TEH
o €57 142441 ne. BATR B, FHEERIETEBAE IR, THEFaEE, T2E
AEBERBET, |RTHREEN SRTESEROBIRBATL Heg
REH BATERTHER SIS TAEIERBURY - FRER £, AR
fFF 845 2. MAENAETERT, RIESESEER, | Ty HITAT
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LIt 285, EERGENERITIEL maaik B RIS E, Fiteti
WHIEOR, RAEFHFEKERAR.
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B 2.6 MAPbBr; 3 85 B R A8 L (a) 550 nm ARBY R4 55 652 (376 nm ¥R ); (b)
560 nm AL A% AES (376 nm BE): (o) XETEE T 550 nm A 570 nm kb5
F*BFRES: (1) AEBEAEET 570 nm FAFREFd.

Figure 2.6 Time-resolved PL spectroscopy. (a) Time-resolved PL decay curves of 350 nm
and (b) 560 nm under one-photon excitation (376 nm). Insert: the fast decay part of the PL
decay. (¢) TRPL decay curves of 550 and 570 nm. (d) TRPL decay curves of 570 nm under

different excitation intensities.

CAER B LS REZH, MAPOBr; s & —FHR 4 RUANER EFR R
R A A AERERBGHATEIRRS, FRKERSENS, FRAT
—RAIFE, B RN, BSOS R i T4 B R B 7T,
EREHRY FPERETESEMFT (HsMmE Rk B3R T &R A
it [RlHEE FoRBANTHI % T MAPDBrs gt R Mlas, FERA &R ALK
BERR SR T AL
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2 8 CHNHEPbBrs i 8258 80 702 Bt s i AR BT 5T

WEE FrPEEE B — %% lmm, KEH lem 8 ITO. FRAETE ITO FEZIHH 5
um FJASEBX, ZEDE R A 5 pm X 1 mm 897 5 8 K SR80 &
. KA BB #E T IR LABGE S AU MAPBr; 5df . % MAPDBr; RIIR&IE
BABE 100CHMARFHREE, SENTBORE, BHFEZTBRBERAE
W, FERERY, EHEREEE R -BEES%T MEnE 2.7 b R,
£ 5 pmX 1 mm 878 F B XK A S ERBEE ITO FmPAR ITO- BT
-ITO B4, BN EE) st SRR .

B 2.7 (a) ITO FEHEBRFEE: (b) HEFHEBEE ITO UM SEM B i .

Figure 2.7 (a)Scheme of glass substrates with coated ITO contacts; (b) SEM image of

MAPPr; micro-crystals on the ITO elecirode with Spm gap.
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B 2.8 b B, AL FHR T, EENEBRMBURLEE B RA I T
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R EREJGRITEMIEN, a0 TRy asste, Wik T EIRRR.
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B 2.8 MAPhBr; UL HERIAREE: (2) RRFNSERSHAFRUREBEETRE- R
WAFHEEZE: (b) 2.5 VAT, BEEABRELRR: () 25VMET, WAEEE
ZARR: () EMRFERRAPMEELRR.

Figure 2.8 (a) I-V curves in the dark and with laser excitation light density from 0.2 to 1.2
mJ;’cmzfpulse at 780 nm. (b) Excitation light density dependent photocurrent on a log-—log
scale. (¢) Excitation light density dependent responsivity under V = 2.5 V bias. (d)

Frequency-dependent PC under V= 2.5V bias.
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28 CH;NH:PhBr: W B REN DS N AR A EW R

Z RN ZEE A EE TR ES, 3db TR 64 kKHz. FTLLRTIEEK
FiZANER B AT AR B R E . AR 1000 Hz B4
I8, BEZAEERENWNEREY N 2.2AW (E2.9).
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Figure 2.9 Excitation light density dependent photocurrent and responsivity on a log-log

scale.
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B 2.10 (a) MAPbBr; S EEARSERE; b)) ROBEBERAERERER.

Figure 2.10 (a) Schematics of the MC based photodetector and the measurement

arrangement. (b) High resolution scanning photocurrent microscopy scheme.

20
X (pm)
B 211 (a) MAPbBr: B &t EHIENEE SEM B A (b-d) ARESNEBEEFBEARE
A,

Figure 2.11 (a) SEM image of the MAPbBr; microcrystal device used in the experiment.
(b-d) photocurrent mapping with 0.02 (b), 1 (c), and 2 V (d) bias. The orange dashed line

indicates the microcrystal edge, the two black dashed lines show the ITO gap.
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W, E=EAAEBEET, JCHREFEE ITO FRMIEMNEKE, S5 ITO [
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Figure 2.12 (a) Average photocurrent decay length along X axis with different voltage bias.
(b) Illustration of electron and hole transfer (top) and hole diffusion (+0.02 V) and drift (+1,

2 V) in valence band.
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Figure 2.13 (a) photocurrent mapping at 2 Vbias. (b) photocurrent intensity along Y axis at

different x values with 2 V bias.
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Figure 2.14 (a) SEM image of a typical MAPDbBr; microcrystal. (b) photocurrent mapping
under 2.5 V bias. (c) photocurrent intensity along the Y axis at X = 42 pm. (d) Detection

scheme for time-resolved PL microscopy. (e) PL decay dynamics at P1, P2, and P3.
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38 CsPhBr, WAEHRRNE R ARR T AFHR

31 WRBEE

BH-TEA RS T AT AETRESHR. FREBTETFHEE,
ERETEHEHNENA A EHEE. FEENEESR, TTSPIAE.
FEEFAARMEELHERNTEREMY, TEFEA RS AT
BF CSESHEHNEE T MA™S FATREZS |G NE TN, £ T/ KT
CePbz (X=Cl. By, [} W ENMATRM&SREH. LEENE. SHER.
i B P

E31 CsPhBr, fLEEAAM

Figure 3.1 Photograph of CsPhBr3 single crystal™™

REEE. MEEERNALENSEERERATREEENER. thin
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MO T2 MR o B, —SROUK S BEE KB R RS, mEk
M TFEREE ST MEERATY, FRARSHGRT O EGSHHG S
TR RO G e EMIEE, AT LU B e . BRI TEAELGSELS
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g UL, EEERET R R B A B R, R TIERERAA, RUES
P RE S BRI 25 A0 B AS R IO, SR ATAR IE ) S AU R B O R
MAFEREEF R SR, R EE=k-EREN, wlEd REm ik
FECRCKD) . R, Z T RHUE G0 e BRI 35 1 B A W SR R IR A, S B
BB,

TRAE £ — & MAPOBr; i fh HY 56 B 37RO 50 vl R, I8 A 2R il dto't B AR
5 BEAT DLRUESH A B 2500 2 0 s R R BRBA S & B R B FE B R R R,
AT PASEER Em T 008 Az, RG] PR IR SRS s R gUE PR B . & T
i, FAZEAAE CsPbBrs G AR ES . B2 CsPbBrs 8 14 £ 25614 48
Xt MAPbBr; 5 %, 7 57 A 2R LN CsaPbBrs A1 CsPboBrst 1, M.,
REEHELEAE CsPbBry Wdni T2 R E. X LIETR T —MiEsis
A% CsPbBrs Wim MU 775, AT i an A4 G 10 ot FRRMI 5 5 A R s i R FE T
ok g o S5k

3.2 ZWRLERTE
321 HREM

CsPbBrs & & BCR F BUH# /5 I THELES Rk . 4 CsBr Al PbBr, 1R1EEE/REL
1:2 T A TR(DMSO)H . L ind% CsBr (3 mmol) H1 PbBr, (6 mmol)
WBRAE 3 mLDMSO H P G # . R 15 2ERERTRE 100C, B8
/B CsPbyBrs 17 AT LK) CsPboBrs i 363, RIS GBEREE=E, 3
He Z WA DMSO FilE = A& o oI RE F5 I A rh O IR T I R R B (HORAE
HN—Fh R E R, F#1E CsPbBry /£ DMSO FIEME). ZHEHMN—EES,
CsPbBr; 72 DMSO Al F 28 B R 28 W44 40 TRACIRES ,  gR i 2 A 31
GRS IZRAE BB A 120° C FINBE, FERIIARETACRE, 3
S8R 5 4 24T H K 2 CsPbBry M, W 3.2 a FiR A TR B8 1B A B R,
BB AR L, B A 140°CHmB L, InFA 10-30min K34
BAZET, [JESEHER CsPoBr; Mih.

322 FRIERMERE
AR X BHERATHMY (Xeray diffraction, XRD) 2454 X pert Pro-1, LA CuK
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£3F CsPbBry MR FLEFINE R HBIF Foh 70 h

a fEARRATIR (L =1.54186 A). AE] MIRWOEEACELS J JASCO V-550, %
FIA4yER, PIRSHEITE 190-900 nm EEPIRE. HE-HmMLE (-v) 1
#FH Keithley 2400 3R, MR RESSFHT. BEFEKHCEOLER
FIR, F G T E. CRHEOE IR (Spitfire Pro, Spectra- Physic),
P 400 nm FH FESEF 3R, 800 nm 1EAXDE FRIGLIE, EEME A
1000 Hz, FkrFFEE<100 fs. EUEYLE S A Hamamatsu C6860, ST AN
PR 410 nm AL TR LR A 800 nm, E EMEK 80 MHz, Bkib3EE LA 100
fs.

/-—-""'_'_'_-_""""-\ /——-—-___-h“\
DMSO+Tol
NSO Add toluene to the e

precursor solution

Stirring Bar
= D, | &

& 3.2 (a) CsPbBr; SMEKTREE; (b) CsPbBr; M SEM B f; #E: ERMTE;
(c) EDS TEEMRE.

Figure 3.2 a) Schematic of the CsPbBr; microcrystals growth processes. b) SEM image of
the CsPbBr; microcrystals layer (Insert: photograph of the microcrystal layer). ¢) EDS

maps of a single CsPbBr; microcrystal.

323 MRSRL
RYE b 77k & ALY CsPbBr: g AE B Ff (B 3.2 b), SEMBER %
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ARG T AR RCRER, BABROLERNRELT. BNIRAEEER]
X S #8i¥ (Energy-dispersive spectroscopy, EDS ) X B4~ G4 7T F 40 i #4790 7
EDS SEARBEER Cs, Pb, Br #5534 ¥ B EDS fEiE 4 R Bom =Fon #= )
$919.85: 18.79: 61:36 (H 33), HSiZz&aBEHLFITENR 113 REFNYE.

Atomic ratio
Cs: 19.85
Br Pb: 18.79

Intensity (a.u.)

Pb

B
Cs CsC(Cs

i S, SOV S

1 2 3 4 5
Energy (keV)

B 3.3 EDS Bi®EF Cs, Pb, Br =FTE LM

Figure 3.3 EDS spectra showing the atomic ratios of Cs, Pb, and Br.

AT SRR RE R E, RO T XRD RIE (K 3.4 a). XRD 74
% FITE 20=15.25° , 21.36° , 24.24° , 30.50° , 30.65° , 34.32° , 38.02° ,
43.79° S5 B4 B RTS8 MR (001 ), (010),(110), (2107, (002), (112),
(102), (020> M, BRAFEMRRVHIEHRN, REZHMAR LSRN
S AWM. EERGRIETES A FTO SHEBIEARE, £ FRE P
RIS FTO SIS FHE — 2 CsPoBr R M, 341 — 25 753 5 8 e
LB —EL& B, B ITO-CsPhBry-Au % # R MR iZ M BB B 2451 . g
B E-BRAr R E 3.4 b s, HHRERSEMNER T, BE-BREEn
BRf % (n=1), HUBEHEEA, BE-BHRHEZSHN— S, WH n>3,
FHHMRBBTERSIRE. BAMEEALMNBER Vi =23 V, RE
CsPbBrs G LAY S P , A 2 iy = 260l 1rn /gL Po7ONET L B8 ) 124 e 1
fAASERER 45X10% cm®. B & AIZFERIN R E S ~221 5 RESAH
BE L, q BICHA, LoAMENEE. B2 AR 60 Bk A& BT CsPbBrs
ZmEEMNBREEE 10°%em™), AREETRESEH 10%em™), MR
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% 3 & CsPbBr; i d& Yt L BRIl 43 S K B 73 1 AL

FR 45 & 5 2 DB B A L T A 7 3 R R0,

=R T R, 4 R RS BRI R T E 540 nm FHIEC(E 3.4 0D,
WA 226 oV A, AHEERLARMHE N -SRI, Bt FRATOLE
AE A RAED FITE 520 nm A 545 nm fHiT (F 3.4 ). BEREUEHE
A BT B =2ns, M=10ns (B 3.4d), XELESFILUERIE I E U &5
AR,

a PDF#54-0751 b
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B 3.4 CsPbBr; IUMRIE; (a) XRD #THIER; (b) BEEE-RFEFERLE; (oRUCER:;
(d) BEERRES%.

Figure 3.4 a) XRD patterns. The orange color represents the experimental results, and the
green color represents the XRD data card results. b) Dark -V trace of CsPbBr;
microcrystals. ¢) Steady-state absorption spectrum. Insert: calculation of the optical band

gap. g) Steady-state OPE (i = 400 nm) PL spectra and transient PL.

3.2.4 CsPbBr MBRANENNEF

WATRIVEMRAE R TEE . X B IF A WA A GERE IR T A R4
f, BB REAANE A mAErFE. BRI REH, BRI R N5
ML SBORERI AR, TEEXTHIGETFERET, SEREBERLAAL
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PHEH R MK SR IR T BN I F T

[, ANHBATEE— P IR RS TR T HOR O, . BATRA FEUE
LA 410 nm 6 AT 800 nm HOEAE AR, 4058 I BN T AU TR T RO
B3R, Wl 3.5 FiR, ERETEART, RIS 7MKL
HIRLTE e, 43 BIFE 520 nm A1 545 nm. BAVEEE], FEERAHERE, 545 nm
FIZOCEAE R MG 5E, M EZODSE M AR RO BHAR . P15 B Kb ry
B 3Rsit R, MEERKEMAeRRRE. R TRAT, BAOTEAN
B —DUIGUETE 545 nm [T, MEIIH BEER MHEEF R REZREL. K
BRI IFAR BT R BAERE, EAMRE TR

a B —o01ns| €
15 kA \) —10ns| =
G \ —17ns| £
' 5 \'\ “g
2:1.0 s S 9 =
Ta I 9 \ @
£ £ B 5 1 \ ©
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15 3 P e—.0ns =
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° B £ 3
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b s o | cafel® Tyt
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B 3.5 CsPbBr; EBRXFHANATEEWREZ 1% BT (410 nm) (a) BXOEF
(800 nm) (b) WREASFERIEI R, EAFHMNRERTRET (o AMET () ¥
RN, FOLT (o) ANDGET () BET, EFAFMBEKLRERCTERSI1F.

Figure 3.5 Time-resolve PL spectra under OPE (410 nm) (a) and TPE (800 nm) (b) of
CsPbBr; microcrystals. (¢} PL spectra of different delay time under OPE. (d) PL spectra of
different delay time under TPE. PL decay dynamics of different wavelength with OPE (e)

and TPE ().
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%3 & CsPoBr; A LEERNERERATIAEHA

OPE 6
' \{,- Diffusion
Pl 70
Bandtoband =~ : Re-ab:‘oot:ption
emission emission

Re-absorption

TPE @’W@%

& 3.6 CsPOBr: R BEF R FRERAFHAE: L ERATERRTRETHHE
f1R: T: XHATFERETEATFIAETH.

Figure 3.6 Schematic diagram of carrier diffusion and recombination processes with OPE

and TPE.

R TROREN T, 410 nm @t REERCAH RIERE (29 500 nm), FHit
REMEA FIRERS, HEFERIERS-HRIRL TSR 520 nm )
wOGE. tAh, RERVER T LIE ST B RE R A AR, RIEL —EW A
B, R TEASKEBRECES TR, SEOGEORE, Bk 545 nm #76
HEUAAZ ERE TERIECEH S5, BREERH BN SEERcEmEK,
Bl B0 FRUR R G BAR R T . MEIDETFRRERT, MEEBEH
R MEXTRERIG-TERLROE, RN MK BRE- RS ES, Fib
FERIH 545 nm B RGE, BRICHFmBAEE K. BT M RUR THY
BTN IFETRNE 36 .

g EWHEL, BOLTFHATRIOLENEHNFERH TEAFNEELEE
AT ER T BRI IR - RS A S B - Wb B B AR AR L R B Z A R R R
T RIES BT R . FIRATE UARTE — 4 U7 f2 R L& ARl 8o 71T
21,

onlx, t) °nlx, 1)

=D, = — An(x,1)
o ax A (3.1 a)

aplx, 1) & plx, t)
=D - A4 plx,t)
o oo 7 (3.1b)
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AR, nfMp FAREFHATRAEE, D, M D, #AREFFER
PP HLREL A F A, AR ETATENIRIEERHRESE. R =05 R
B TREILH n. BOCFEFEREN o (4 500 nm), B =0 B 2IH R
SR RN

x0) = p(x0) = n_ expl— %) 303
B AT CAR{E B ER T E A ER 20 T 0 A anE 3.7 B

—
0 ns P

1ns

10 ns | \
.
60 ns \

0 5 10 15
Distance (pm)

Carrier density (normalzied)

]
[=]

& 3.7 WE—ET BOTERD B T RS XA R X 2H

Figure 3.7 Simulative electron (n) and hole (p) density profile at 0, 1, 10, and 60ns.

BAMBR R RN A N REND R . RGN RERNZE M &
TRFTAM T R AT SR, BT AT SRS LA T A2k

I @ o [ nx, D plx, Delx (3.3)

AT HENAE, BITH D ErAERRVBAROSRTI A, A £5
HAENMBESHTEE. N, AREET HARNNBR T BRI AR
FAETHREESHNA DM A For. BB SR GBIl &R LIg
FID;=20cm% . D;=28cm% & (Ai+Ay) /2=027ns| (E38). #H—F
IR EFATE LR T LU E AR AR SR TERE R n=78em™V s, 1
=109 em™V ' s, ARBUERIE, ZME DB TFIERERFEIGEREN]
FREARA 1B BT HE R 109 em®V s, FIGEHER 78 em®V s,

42



% 3 E  CsPbBrs Wyt AR INER S B0 T2 I T

—
o
1

o
o]
1

o
[e)]
1

o
=
1

o
)e]
1

Normalized intensity

e
=}
4

T

0.0 05 10 15
Time (ns)

s

B 3.8 RE— T BRSO R R

Figure 3.8 PL decay under OPE in the 0—1.8 ns time range. Solid curve is the fitting of the

PL decay dynamics (520 nm) considering the 1D diffusion process.

3.2.5 CsPbBr; & A BIRMIZE

mEGR TILREE, KEMEEE, REZME TN HE N
fbo BATHE 2B R OE BRI BRI E A R S 4. KA ITO F
EEEARER CREENE-SHE 2.7, @i ERIEG R AIEE ZEE B
M— Z B E K254 200-300 HOK B Gl EIE . FEEHE 0 & 3.9 Pas . flofds st
FHIEEM R, MR ITO-CsPbBr-ITO F M4, StRENF = BwE 3.10 a
Him .

B 3.9 CsPbBrs W 5 R AR

Figure 3.9 Cross-section SEM image of a CsPbBr; microcrystals layer.
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ZRRERREFES 2, BE-RRMERNBERSE (B3.10b), A
BABRRIE R . B NED AEDEEESRE T AL B af LLiH Bz i 2/
RiFE, WE3.10c Fim. BRRHEZABRWEEF T (200nWen™) AF
6 X10'A/W FBE IR RIE . i — 0B 51 R B AR 28 SN 2 T2k EQE=2 ~
107%, ¥FMZE D" =10" Jones (E 3.10d), RESHHRET 2 TAEAT L
F#ErEsE, BmNELOdRENERERBA— M ER. M2
BRI %2 B A LDR i 100 db (E3.10 ¢). BESHEBRRERIZENEES
SR RIEE, H EFHE 05 ms, TRERIE 1oms (B 3110, £31FHT
SCRRHRIE R TALES AT e IR 28 R BRATHRIERY CsPbBrs Rt BiE 222
L

a b 151 Incident power (mW/cm?)
2.7
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=
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= 2 R0 *, =
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E . @ % 104 % e .-
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B 3.10 (a) CsPbBr MEGHFANR-EE: ©) FENCRBE T HE-BFEHLE: (o)
FEHLIR R R EREEEL R R, (NIRRT R RN LR,

Figure 3.10 (a) Schematic of the CsPbBr; microcrystals based photodetector: (b) I-V curves
at dark and incident light intensity from 0.06 to 2.7 mW/cm?, (c) Power-dependent
photocurrent and R under V =3 V bias. (d) Power-dependent EQFE. and D* under V=3V

bias.

44



3T CsPoBr MOt HRIENE EEBRR T3 AEH R

I I L4 I '
1.0 1 - | I
— 1 ml |
e I " al I
g 0-8 [ |
L:) |r| Traige—0: /M8 1
ey 0.64 11 |
0] L |
M 0.44 13! ! I
g ' i ' !
e Il ] |
S . '
1
]

0.2- 5 Tfa11:1 .6 ms
| ]
= |
0.0]% ——f—r—t

4 6 18 20 22
Time (ms)

B3 BESEER

Figure 3.11 Transient photocurrent of the photodetector with OPE (bias 3 V, .ex = 400 nm).

R 31 AEVGHE GRR B LS

Table 3.1 Summary of the performance of all-inorganic perovskite based photodetectors.

Device structure Material Responsivit ~ Gain/ Rise/fall Ref.
structure Y(A/W) EQE time (ms)
Aw/CsPbBry/Au Nanocrystals 0.01 0.2/1.3 90
Auw/CsPb(Br/1)y/Au Nanorods - - 680/660 92
Aw/CsPbBry/Au Nano arrays 1377 - 0.021/0.023 93
ITO/CsPbBry/ITO Nanosheets 0.64 54%  0.019/0.024 94
Au/CsPbBry/Au Microparticles 0.18 41% 1.8/1.0 95
Auw/CsPbBri/Au Porous film 2.7 10° 0.35/1.26 96
Aw/CsPbBry/Au Single orystal 2 - 0.069/0.26 102
Ag/CsPbBry/Ag Single crystal 6 - - 104
Pt/ CsPbBry/Au Single orystal 0.028 6% 230/60 105
Aw/CsPbBry/Au Single orystal 2.1 - 300/300 106
Au/CsPbBry/Au Single crystal 0.028 T% < 100 107
ITO/CsPbBryITO  Micro-crystal 610" 10° 0.5/1.6  This work

OISR th . WP AMxa. S9®E, BErmllass
A AT A o8 B o TR AT T SR 820 FE PRI B8 6 X T o g 3105100,
HGINE [ CsPbBrsy S AR XOET IR R AR A WP BOLE AL, A
FEEEDN 10 em BRI B R G oA B S S GETERE dR AT JE RS . JE
FEEAG G, [E—RIIAGRZER Y, WK 3.12 a o, A
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EQE BEt#AERR.

Figure 3.12 a) Inverse transmitted light power versus incident light intensity. b) I-V curves

at dark and laser intensity from 2 to 40 mW cm °. ¢) Power-dependent photocurrent d)

Power-dependent R and EQE. The iex = 800 nm for (a)-(d).
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Figure 3.13 Transient photocurrent of the photodetector with TPE (bias 3V).

FATRE— B RALZOE BRI X X T FIM e (7], 3.13 B, &
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33 IpE

RERFESEE .. BRI LB DURE AR B e £ LB MR ae s HR
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ST RIOETFR AP E XA BT T FEREY STy, FRABRT
AR 100 em®VST. BRI HE CsPbBry B i e BRI # AT LA SL IR m 421
R, ZOtERNE R EEERMEE (10" AW, RIFT HaTke Tl
e RN S =il AT CARIF SSHLER S F A Fi Ry thAh iz
FEREIRIM AR BA PR BT ) (1 ms)o % LAEJy & mERe St i aRI R4 T
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Fa4E PEBERT WA LRENSE RERTHAETR

F4E ARRISHRE MESCEFMNERBER TR NEMR

41 MRE=
RES| FHAT M, SEHET Ml NAZZmIEHAESE, E—2K&
EHE, A-TEREEEAETER. REIRETE. SR ERTEET RA
LATHARS. FHRT ERORENCT T2 SEE, EIAFESNRIE
i, BEEETHARENEEER. AT ARSRAARERTET B8,
R E AT R IRIEE, X HaRRNESH AR, 2018 &£, LiEA
/& T KR H (TMHD =NN,N,N-tetramethyl-1,6-hexanediammonium)
(TMHD)BiBrs 8 %, ZBFEA 32 X 24 X 12mm’ R~ (F4.1), #EER
RN, EREMER—MERT &, RN TEBERRE 0201’V
s, FEILET A el e o iR 2 e R R (0.1A/W ), 0Bl R B 1) 338 B A %
B1G(~10 ms) ", MANEE AT B S Ca, AgInCl, tH 47 B T30 s R M 22 40 BF 52,
HATEMEAEBREEEM B, T NACEARE R, IHTRIME
B, EE (Sh) BERT AR ARENEEN, ERENRIEETE
Sb FEERT B L B TR FRRIE.

.....

4.1 (TMHD)BiBrs A3 5 & 12
Figure 4.1 Photograph of a bulk single crystal of (TMHD)BiBrs.[''?
RIEL— BT, SEM T EEE R Ty fER). KEMEEE
RIS IR LRI E A RTIR &M, FEAE ST A AR EmERRE
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BATEIRES, JRTHFAK SESEERMIERSSE e et
WA HAFE IS R I S R RE R AR PSR O AR ES . B A T BAEX
R MAsSb,Xe  (X: 1, Br) Bgg. W7 RBLX R G BB R ER T
Far (>200 ns) FIBARGRIGAEE 10" com™. 1 MASb,L, B F E AR HHR T
ERE, FUEE Ao R TR I, (R AT 2 5 0ok e BRI A R
K, SRR ERTHRTEIRER, FIGHIaE T2 T e et
PR M 3 20 v R U A PR W R

42 ZWRERTE
421 MH@RER

B AR MAL: 4% 40 mL HEE (MA) AGBEEA 20 mL SER (HD oA
PEfih AR &V, IR S TRAEIKIG (0 °C) BRI T M PR .
SRIGTG Z R S 2 A HRZEA 60 °C WEFIZET, HEH MAT KRB K.
& MAI ¥R H B8 A S =0k, BERRERHT, BESAEN MAL A5
NEFE TR 60°C TR TR,

MA;Sbyly RH B S A . 15 238.5mg MAI 1 502.2 mg SbI; AN 4 mL HI
o R ZIR SN R 120C PR B RS IETEIE M 120°CLL 12,5 °C
h FEFEEEER, ERKIMFEEME 42 R, MA;SbyBry B G A AT
MA;Sbolo (125000, H &0 HI 0k HBr, #8)5 MA;SbyBro [93E 4 0.5 mol/T.
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Cooling (12.5° C/h)
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\-.._____________,/ 4 . y 2
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B 4.2 MA;Sh,I, B A KTEREE

Figure 4.2 Schematic of the M A;Sb,1, centimeter single crystals (CSCs) growth processes.

& MA;Sblo S : 5 119 mg MAT #1251 mg SbL; /£ RE FEM T 1mL
DMF 7 AT IR AR . I EEiR 10 lom X Lem MYTHEEEL A E 42 140°C 10,00 #4
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W ETRH 2 min 5, K 20 uL _EARETIREGRERTER Y B AR b
#ETF 30min AT RAE, MIEEPKER RS, BIESD, MEARST
AHTSARHIAREEAS S, RTHRE R MRS, A 4.3 .

B 4.3 MASh. L SR R B AT R IR SRR LR R

Figure 4.3 The MA;Sh,1; micro-single crystal (MSCs) obtained from different precursor

concentration (0.25 M, 0.06 M, 0.01 M).

& B MA3Sb,Bro 443 : 45 180 mg SbBr; 184 mg MABr fE i & T ImL
y TWEE (GBL) FERCRTIRIEEH, FREIFR lem X lom [BEEHE A ETE
140°C #1 AR _EFIH 2 min, SR04 20 pL FARATIRSFHRATEREA . &
FrTENI#AAR b2 RE 30min ZET ARG, 4T BHOK A ] MA;SbBre B

MA;Sbaly A8 Zo0 BRI 25615 78 MAsSbaly 8245 BT PINRIHTE G
B, 4 LBk, PREN Au BIRES N 25 nm, HEFRE, KA
FIL 80%F KA, T KA EREE ) 80 nm.

MA;Sbolo 0GR IR 6] & - R S e, B E R R 2.7
FroRi) ITO S g Bl .

422 FAERNER %

¥k X BHEATEMY (X-ray diffraction, XRD) %5 % X’ pert Pro-1, Ll CuK
o {ENIEETEQ. = 1.54186 A). BANAT BB IEAUE S 09 JASCO V=550, DI
BfHE XA 190-900 nm T E ARG K IELE L8 Horiba JobinYvon
FluoroMax-4P spectrofluorometer. 2 Jt 7 ar % H B8 -1+ #4, A5 4 JobinYvon
FluoroHubs fluorometer-.

IR RAL: BIE-HRMAL V) WXL Keithley2400 %, W
WITRE AR AP AT . AR B EOEm B AT, FABER AR 460 nm (186,
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%5 B, MA;Sb,Bry B 4% 8) R XRD 75114 H AL 20-8.66° ,12.34° ,15.14° ,
17.64° , 26.79° , 30.62° , 34.59° , 44.17° , 47.27° {085 A% N T45EK
BUAER) (001D, (100D, (011D, (002), (003D, (022), (121), (2207, (303)

Faui. H¥a HbmBfreg il
pezsseees
. B Beiiiin

. (006) MA_Sb, |,
5] o2 | (204)
5 .(002) .(004) | (116) (0010)
:é‘ l
E (01 1) {0‘53) 'MA,Sb,Br,
[

1(001) |(002)
- woJ' “2” (220) 03)
1

2 Theta (degree)

B 4.4 MAShylo fl MASh,Br, B REH; () BFER;: B, ) MASh.I, fafkg:;
(d) =% XRD,

Figure 4.4 (a)Photograph of as-prepared MA;Sh-ls (dark red) and MA3Sh,Br; (light yellow)
single crystals. Unit cell (b) and crystal structure (c¢) of MA;Sb,I; perovskite single crystals.
Yellow, carmine, and green spheres represent Bi, I, and MA, respectively. (d) XRD

patterns.
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54 & AEEVER AN TR e R R AR B IR T 3 A

BETRREZHHARIFET . 5T MA;Sbolo MR BRI FH R
WOBAE 600 nm £, KA Taue FiEMTFHEREN 1.92 oV £, Z{EL
MAPbI;  (1.5-1.6 eV B&E, B LR NI = Ge & A sh Bk R P g it L CEb
AT Si & FRAT R AT R SRR YIRS A 1.8-2.0 eV AT MAsShiBr
ROV UAATE 440 nm 2, ELZ18 2. 62 eV Z T BB/ T MAPBCL; (297 V)
F1MAPbBr; (222 V) 28, MA;Sb,ly BIF LUETE 595 nm Ftif, dE%EER
s i . T MA3SbyBre B9 JEUETE 500 nm 75, MM FERKOK. BE
S P EE B B AR MA;Shals F MA;SbyBry B 7 TR 8B J) 24 ¥ 77 LU XL IEH)

&, MA;3SbIy Y E K ;=61 ns, 1,=271 &5 ns; MA;Sb,Bry %6 HE i 5 1,=7
+1ns, $=257%5 ns. RFaANEFar ] LOA SR B T S IAEREA A3
SE0E, AEHEEET A MEL . MA3SbyIs A1 MA;SbyBre 15 EA B MIEIA
THm (>200ns).
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B 4.5 MA.Sh,L (a) F1 MA;Sh,Br, (b) FARYEE; MAShI, (¢) f MA;Sh,Br,

(d) RERBEIINHE.

Figure 4.5 Steady-state absorption of MAsSh.ls (a) and MA3Sh-Brs (b) single crystals. (c,d)

Time-resolved PL spectrum. Insert: PL spectra.
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SN 8.0X 10" em?. R B EEASEERIREE 100 m® &4,
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B 4.6 REHLE-FRARFIEMER; (a) MASShI B&; (b) MAsSh.Bro B .

Figure 4.6 Dark I-V trace of MA;Sh.I; (a) and MA;Sh;Br; single crystals (b).

HHAE MA;ShL FEHBETIIRE 1L =128 em’V s &4 LikEH
BT, RITTUREARL, - (S0 BRRETTHIER 300
mo 1ZASEA— LR A AR S B, LI FAPOL; RREGR FIHKEN
2.2 um, MAPbl; H@EBW T7 HKERN 8 pm. [FEFEILATIFH] MA;Sb,Bro Hd
fER F IR ER n=04cm™V 's |, FHKEN 0.5 v m, B4 FERH MA;SbyL
BN TIIRFEAT B KEZE T MA;Sh.Bry a4, FEEHTHETEMY
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1140 % T LB GO IR 38, SR BN 4.7 a FroR . TR L TP 45 L& sk,
FREAFEH (25nm) SEMETA Imm X 2mm. BATEZ6BRERNEE R
BIE1ARMERT, #HOLR, 785V (K FRENLmEA. mE 4.7 b Fix,
IR <1 nADGHURZN 2 nA, THEARI M E LN 10°A/W. 1200 B AR
LK, e, EERETHATHTEKE Gum) EBRTHRENESE
(lmm), Hb, W T AR RULH

a bz_5- 1sun size:0.02cm® bias: 5V
—~ 2.0
<
&
E 1.54
-
© oA
051 : . ;
0 20 40 60

Time (s)

B 4.7 (a) MA;Sbyl, B ESEHEFRFRREE; (b) MA;Shyl, B FEEHRFRE—M AR
6T e B2 B L RIB L E

Figure 4.7 (a)Schematic of the MA;Sbh,], single crystal photodetector. (b) Photocurrent
response of the MA;Sh,I, single crystal photodetector measured for 1 sun (light intensity:

100 mW cm_z) under 5 V bias. The device area is 0.02 cm’.

AT AR RER T s R, SRAH A T H SR AR 2R, 2B 4.8 a BTUR .
HSIRE AR A G AL T MAsSbolo Rl df, FOt2% BRI T B HE FrA0 SEM
ik 48b i, HRTZE~10um 8K, AREWREA. EDS mRMTE R
Sb A I LRI 504 . H XRD AT 0 4.8 ¢ Fias, fld: XRD #7581 BRI H
T R ER IR A, EEAT I E o A M TSR A (0043, (0063, (0012)
L. F4.8d MG EERNZE SEM Bl R, MA;Sbale il 45 27T ITO [A1[
HA], R ITO-MAzSbolo-ITO FJF 45 .
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B 4.8 (a) MA;Sh,L, M BT ErEE; (b) MAShLESXZEMAES, SEM
BAH, B EDS mREAMERSE: () MASh LR XRD; (d) MA,Sh,L, #5 BEER 088
SEM Bl A .

Figure 4.8 (a)Schematic of the MA,Sh,1, microcrystal photodetector. (b) Microscope image
(upper left) and SEM image (upper right) of MA;Sh,I; MSCs. EDS maps of a typical MSC
(below). The scale bar is 10 pm. (c)XRD patterns of MA;Sh;l; microcrystals. (d) Typical

MA;Sh,1; microcrystal photodetector.

BT R R FOG R . B RPESSE T, FobR RN ik 4.9
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B 4.9 MA-Sh, L, Wit EERHIARFE — KRG WL R FUNRS Rt e

Figure 4.9 Photocurrent response of the MA;Sh;I; microcrystal photodetector measured for

1 sun under 3 V bias. The device area is 5 X 10~ cnt’.

FRATHE T SR 58 MA;Sblo 9 it BRI 35 Xof F 0 (XM B 6 7 o FRATTIE AL
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M, EO6 B iR ORI AN T HE % . Hoe B i AN R R G iR AR L R R I 410
b TR, fEEIET (~200 nW/em?), AN &t T LAF 40 A/W, FRIZ 7T ik
F~10" Jones, BXEE(ERN KB SHBERE B MAENL
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z Damiion Z 3 LDR=84cb | froo &
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g | ——45mwiem® 2 014 2
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B 4.10 (a) MA;Shl SR AEAFIEMGRE T BB E; (b) JhRFR M ER
BELKR.

Figure 4.10 (a) I-V curves in the dark and for different light densities (460 nm). (h)

Power-dependent photocurrent and responsivity with 5 V bias (460 nm).

BATE T RAFHEESABE (411 2, b, Jedi EABIE 0.4 ms,
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B 4.11 (a) (b) MA;Shol, EXBENBWALBT: (o KEENBWARFKRE
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Figure 4.11 (a,b) Photocurrent response of the MA ;Shsly microcrystal photodetector with
and without light illumination (5V bias, A ex = 460 nm). (¢) Wavelength-dependent

photocurrent of MA ;Sh.Ig microcrystal (5 V bias, 1 mchmz) photodetector.

58
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F 4.1 AN AR ESS T R AC BRI B AR S S R oL BRI SR RE 0 45

Table 4.1 Summary the performance of organo- perovskite single crystals based

photodetectors.
Device structure Material Responsivit  Detectivit EQE/  Rise/fall  Refl
structure V(A/W) v (Jones) % time (ms)
AWMAPDI;/Au Single crystal 2.5 - 600 - 50
Avw/ FAPbI;/ Au Single crystal 4.5 - 1000 8.3/7.5 49
A/ FAPbI;/Au Single crystal 27.6 - - 12.4/17. 115
2
ITO/MAPbCL/ATO  Microcrystalli 18 10" - 1 116
ne films
Pt/ MAPbCly/Ti/Au  Single crystal 0.047 1.2x10" 41 24/62 117
ITO/MAPbBrs/ITO  Microcrystalli 4000 10" - 0.025 64
ne films
ITO/MAPBL/ITO  Microcrystalli 1640 10" 10° 0.02 118
ne films
Au/(TMHD)BiBr; Single crystal 0.1 - 70 9.6/103 112
fAu
Aw/ Cs,;AgBiClg/Au  Single crystal 0.03 10" - 0.97 111
ITO/MA;Sb,Io/ITO  Micro-single 40 10" 10" 0.4/0.9  This
crystal work

MA,Sbolo 8 fm ot AR =5 B AR B PR 4.12 B, 28 S E R0 A 50t
My 7 A B S e, AR R R

Current (nA)

304 @\s-fabricated After 2 weeks
| A AT A ,_r.-r-\.-.h
25+
20-
15
10
S’FKLkKLL\\thuLL;
0 » T ¥ T . lflll ¥ T *: T % T
0 50 100 150 200 250 300
Time (s)

& 4.12 MA;Sb,, ot BRI SHRIFRE

Figure 4.12 Stability of MA;Sb,l; microcrystals photodetectors in air.
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FERXTEL , AT G L T MAsSbyBro Sl dr G HLERIIES , F SEM B A1 XRD
BRI 4.13 s, A1 MASSboly 3Rl HRSHE~10 Bk, R VERFE
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4.13 (a) MA;Sb,Bry T{f% SEM BlF; (b)MA;Sb,Br, f45% XRD #7451 El#;

Figure 4.13 (a) SEM image of MA;Sb,Bry MSCs. (b) XRD patterns of MA;Sb,Br,

microcrystals.

% 4.2 MA;Sboly T MA;Sh,Br, it BRI 2 AR EL

Table 4.2 Summary the performance of MA;Sb,I; and MA;Sb,Bry, micro-single crystals

based photodetectors.

Trap-state Mobility/em  Diffusion  Responsiv  Detectivity/  Rise/fall
density/ cm® v s length/um  ity/ A/W Jones time/ms
MA;Sbyl,  2.9x10" 12.8 3.0 40 10" 0.4/0.9
MA;Sb,Bry  8.0x10" 0.4 0.5 0.03 5x10° ~ 1000

43 IphEs

FEEGHRT BEERRSTH MAShX, (X: I, Br) 85, #F7 HitREk
XA AR S B HR KB T A (5200 ns) ME(REGEETE 10" %m™,
T MA;Sbols S B F R @ E Fil#EE, FFE S Bt asda. HE
BT AR D RIS REURAC, BEOASH I RSHE R T3k Fir B &,
IR ERATIA R T 2 T2 R S R AR ISR, ZOCHRIIES B & R BUS AT
SELLISA RN
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s,
Figure 5.1 (a) PL of as-synthesized CsSnX; (X = Cl, Br, Broslos I) nanocrystals. (b) Fast

(inset) and slow PL decay kinetics of as-synthesized and aged CsSnBr; nanocrystals. [621
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Figure 5.2 Femtosecond transient absorption measurement setup.
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Figure 5.3 Cs;Bi;Brs unit cell.
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LU 5135 48 T DMSO T AT SRR - 471 404 90 umol CsBr (19.2mg) 1 60
Lmol BiBry (269 mg) {EHETE 2 mL [ DMSO AR 15 uM Cs;3BisBro fif R {5
V. HF 200 pl @TIXMASETIEAN 5 mL BIZUR G R R, M5 88 1R
VEEAE 3000 rmp T B L 5 min ZFROCAEME, BT 2134 R CssBiBre 41K
AR JLTEM B A0l 5.4 a FOR, 90K B RTEAKSR, BAR
F6nm A, RTAZ8 2nm (F 5.4 . &40 8 TEM B s (B 5.4 b,
o), BAMKETRAGSWERE, REFEGEWT L. EEFLAELHN
0.33 nm, XfMAG XRD #T8H&R (003) &, E 5.5 XRD T4 .

/
S

Diameter (nm)

5.4 {a) Cs;BiBro B & TEM BA; (b, o) BB TEM Ef; (4) RYI4G4FEH
B,

Figure 5.4 a) TEM image of Cs;Bi;Bre nanocrystals (NCs). Inset: The selected-area electron
diffraction pattern of Cs;Bi)Bry NCs. b),c) HRTEM images of Cs;Bi;Brg NCs. d) Size

distribution histogram of Cs;Bi;Bry NCs.
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Figure 5.5 XRD patterns of Cs;Bi,Br, NCs
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Figure 5.6 Steady-state absorption and PL spectra of Cs;Bi;Bry NCs. Insert: Photographs
of the as-obtained colloidal Cs;Bi,Brg NCs (left: under fluorescent lamp; right: under UV

light).
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700 nm. RIS R KB BAT LIRS T 20 nm, FRIH & PR,
K HCIETE 468 nm L EF F £ 7L 40 nm, RILH 175 meV HIHiFAL I AR
HEHESNR, CsBiBry KRB REFFOCKS, TEREMERIH 5 e85
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FEUE S BIAE 463, 468, 473, 481,81 492nm!* A, FRATAE I F] Cs3BiyBro 40K &2 & 5
A GOLIET L EARER SR RASNRFENSEEE. NEHKE
FrEELAh 02%, AIRLEH TR AR L, MRS RIEREN O,
MR T . A A T MBS E B CssBipBro 445, TR H Rk
F L o FMBCETERN TG R M8 MR A 4K S 250, £ 439 nm (TR I
BB, EER, HURHE R KRR, WE 5.6 B, FRROLET
ROERARRTIT, HIFERIN 0.2%R T3] 4.5%.

5.3.2 Cs3BirBro MK BE KT IIEMSR

F2 R R TR) 43 B 6 AR SRR A CsaBixBro #K & K 63N 115 . B 6K
HI TCSPC MR RS 18] 433 5 54 ki, inf& 5.7 a Biow, TR IR R A Cs3BiyBro
AR T B 1) 23 o o o] DO B = 1R 3L &, 1<0.2 ns CS2FR T4 83 BT W) 40 2
N 0.2ns), 1,=1-2 ns, 1315 ns. KF A G R TTEVEC D, AR IRIE RAs<10%,
DR FAT = R IR BT PR Fan i o FRATT R AR5 i 30 v ) 440 B ol BB 26
FRRIIM AN R A 728G AREBA P RHR IR NN MHER Jm KR TR, MR,
() 25 i 2H 4 B3R IR AR X $2 7o FRATTiE— 35 2R A A O MR 7 Pz it 72, A
5.7b, 13E/F0 TCSPC HMIEE R, RAMH<20ps (CZET FLUHNHE) |
HEIZH A 200-300 ps. [EIFE, P4 G EOTT DAAGIHBR T . A RIS EA S
MWEREEER T G FnER 5.1 Fin. XE<20 ps FIREAGIRFTRE R I F
FFAAHR SR, BAUMAMERIRE 0 B b Le sl RUHE R IZE, 5
YRR, X GREE AP R . TR AR A B LU S N, BRI R R R A R

N T R IT CsaBinBro #K R At A, JATIGS 17 B AP BRA o
W, T2 RUEREIZA . BRFa 2 ps, TREIAYS 300 ps, BHFa>3
ns, IR [E] 53 il = AT FEAR XY o 3% B RO AR AE ((1.340.3) X 10%
photons™ pulse”em™) I T TCSPC, HUMTAES MR &35, Bibh 2
ps PR FE AT 62 R B B & S B, 5 AMERATAE RSO AL 2] T <20 ps
AT Ay, BT LABR AR AR I (B NAZAE 2-20 pso AN ZH 43 300 ps B
RS ERIER A, >3ns FKHF A RALETEIEOESET 700 nm,
AFRABIOEIE IR X N, BRI 22 g ARk, Bk dq1mT
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Figure 5.7 a) TR-PL kinetics of ligand-free NCs and OA capped NCs by using TCSPC. b)

TR-PL kinetics of ligand-free NCs and OA capped NCs measured with streak camera. c¢)

TA spectra of OA capped NCs. d) DAS for three fitting components from TA spectra.

F 5.1 Cs:BinBry 1K A L B B BN DL AT A /- S bR A SR

Table 5.1 TR-PL results for ligand free and OA capped Cs;Bi;Brg NCs.

Measurements  Samples 7,(ns)  Proportion z,(ns) Proportion  r,{ns) Proportion

TCSPC Ligand free <<02 89% 1+0.2 10% 545 1%
NCs
OA capped <02 50% 2£0.2 40% 18+1 10%
NCs

Streak Camera Ligand free <<0.02 96% 0.240.1 4% -- --
NCs
OA  capped ~<<0.02 36% 0.4+0.1 64% -- --
NCs
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Auger:
<20 ps
2-20 ps
PL: i
300 Bs , Trap states (>3 ns)
e 1

5.8 Cs;Bi,Bro 0K S BUR S B T30 71 AR

Figure 5.8 Excited dynamics model of Cs;Bi,Bry NCs.

533 Cs3BinXe (X=CI,Br, DK S

T SR AT SRR R B, AT LU R G B CssBinXe (X=CI,
BrosClos, Broslys, DK AR, WK 5.9 a iR, BEEEEMN CLERL BRAHT
MR AR . FATIRA T H XRD T B, W 590 fim. m&EN
L I S HLH Pos/mme 550 B E, TEERIH (002), (004), (006) ATH I,
= L H CL PR G EAT I FARAE XRD R R R AT — I
W W AN 2 e it Al 5.9 ¢ B, 3 A CL 2 T AR {k, Wi 1 1 I 7E 380-510
nm 5 EE, O EETE BITE 400-560 nm. TE RIS MR CsaBiaClo 414 &
WHET=FN 0.09% , Cs:BiyBrosClosh A 0.08%, MM CsaBia(Broslys) A
CssBily )% a8 F =/ TR o JAT R I I A B 5 T LA K

Cs3Bis(Brg sClys)o HK AR N E T7FRA 2 0.3%.
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Figure 5.9 (a) Cs;Bi; X (X=C1, ClysBrys, Br, Brosly s, DGR BE R (b) XRD fTHHE;
(e) BABEEFI R,

Figure 5.9 a) Photographs of as-obtained colloidal Cs;Bi,Xo (X=Cl, Cly sBrys, Br, Brgslys, I).
b) XRD patterns of NCs containing pure and mixed halides. c) Steady-state absorption and

PL spectra of NCs containing pure and mixed halides.

53.4 CssBiBro ZRETEETEM R

BATIAE T ERERE 7 Co:BiBr Mk BESSPEZME. Bs5.10a
BREZESHD (RH=30-50%) FHRARRUBHPKFBIRAEFFE. BIE
WK ABFEMEERREIG MM EF, ik 22 REF, RABFTERR,
SR FR. MRET S PERIK &EH K XRD R, AIAREEESTE
F10 REFE (001) dMEFMTIAA—/NEIREE AT IE, TiZATATIE7E 100°CIR
KEHE (E510b), RBZFFERAUERE FTHKEEREABIHKR S TR
REEY. BT, BATAELRMESFOPREREBEREHREE, MR
b, MESPEAKS TR MENKSEEAEMRESANREEER. ATR
EZE—5 4, WATHEH & RO EHREE N FEREIET 30-50%, 50-70% ,
70-90% 48 /TS, MREFLEFE, WATRNE 72 aEEEm

69



F5ERH AR 2 K S B T B0 A F AL
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PRI 22 RO EIREEI /1L .

Figure 5.10 a) The PLQE value of ligand-free Cs;Bi;Brg NCs measured under different
storing time in air. b) XRD spectra of as-synthesized Cs;Bi;Brg NCs (black), Cs;Bi;Brg NCs
stored in open air for 15 days before (blue) and after annealing (red). ¢c) PLQE values of
ligand-free NCs stored in various air humidity conditions of 30-50%, 50-70%, and 70-90%
for 48 h. d) TR-PL kinetics of as-synthesized ligand-free Cs;Bi;Brgy NCs and after being

stored in open air for 22 days.

5.4 Cs;AgBiBrs RGEAT PARBEIRE R FENN1ZF
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5.11 Cs,AgBiBrs &S EKH Stk 454

Figure 5.11 Cs2AgBiBrg crystal structure.

54.1 Cs,AgBiBrs 2K RE MR EE

LRI FEEIEIEFN Cs,AgBiBrs #9% 5, CsBr, AgBr 1 BiBrs #% B E /R
bE 2:1:1 BYHC VA AR T DMSO AR BT RARVE R . B 4045 0.2 mmol CsBr (42,6
mg), 0.1 mmol AgBr (18.7 mg) A 0.1 mmol BiBr; (44.9 mg) #E#EE 5SmL
A7 DMSO P i Cs:AgBiBre BT HEIE IR . 46 100 L BT SR IE B 2wk
A5 mL FABEP, AEGEETE 3000 rmp FE.0 3 min, RIA]ERES
Cs:AgBiBre BB . & i B3 A CsAgBiBrs K RIT B, BERA
EErR AR BRI MER, B TER, i 50 oL BB 5 mL B A&
1% B BB RO 49K s o
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Figure 5.12 a) TEM image (left), HRTEM images (right). b) Size distribution histogram of

Cs2AgBiBrs NCs.

LREH TN Cs,AgBiBre #0K 5 TEM B F 40 5.12 a FiR, GUKEN
TEEFEGATA, BARTHANSmm (F512b). & TEM BFER, B
MYk &R B E BRI RE, EEEOUEM ] W, s KSR EEL)  0.34nm.
XRD TS B 40 & 5.13 Pras . XRD TSt HLTE 26-13.50° ,15.56° ,22.12°
25.95° ,27.33° ,31.24° FALEMNN THEHT Fm3m fR (1112, (0023, (022,
(113, (222), (004) F@@H, HELWERA DT i+tHEER .
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Figure 5.13 XRD patterns from experiment and theoretical calculation.
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Figure 5.14 a) Steady-state absorption spectra of ligand-free and OAcapped Cs, AgBiBrg

NCs. b) PL spectra of licand-free and 1% OAcapped NCs. Inset: Photographs of the

colloidal ligand-free Cs; AgBiBrs NCs. ¢) The variation of relative PL and relative

absorption (defined as the ratio of the absorption at 510 nm over that at 440 nm). d) TR-PL

kinetics of ligand-free Cs, AgBiBrs; NCs measured with TCSPC (376 nm pump).
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5.4.2  Cs;AgBiBrs K BRSNS BT 5

A — P AR AR OEE, 0B 5.15 a BiaR. 7E 443 nm AbH — N
TEAES. s, RABERME TESRWE 5, FO7E 520 nm Wi, KK
Al G2 A AR AE 5. 76 0.1 ps-0.6 ps TEE N, ¥ FEAE SN, mE
SRS SRS, 0E 5.15 b Frs. %P S SEERE KU, BEARK A
THTFREAESL, 2EIBESREGES, BHNBESREES, @ERET
%ﬁﬁ%ﬁﬁ%%%@%m“m N TRIFZE 2 B HRE0R T 5 21, R4
MEIEFBR L REE T RS TRIUE S o e, 40l 5.15 ¢ Fom, WTRLEH
BEEBUR BREE R D, BRATRR AR BE N, I T iZESHEZH TR
H T 5.

(a) . sa ) (b) oot
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Figure 5.15 TA spectra of colloidal Cs;AgBiBrs NCs (12% OA). a) Pseudo olor TA plot
pumped with 350 nm. b) TA spectra at indicated delay ime from 0.1 ps to 1 ns (350 pump,
<N>1.2). ¢) TA spectra taken at (.2 ps delay with different pump photon energies (350 nm,

370 nm, and 400 nm). The number of excitons per NC is kept similar level (<N>~1.2). d)
PIA (top) and GSB decay dynamics at early time probed at 520 nm (350 nm pump,

<N>~.1).
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&R M AR T B BRI ZF . AR B TARAE TR
SEpy P, MR, EREGCKES, RERTHRBEEBRN (<1 ps)
F BT, AR TIREA MG SR, FrUER TR, W 5154
B, BASBIHE TSRS SHERE S NESEAES MK 6.
XTSRS S, BRAMIEGHEERFGE 0.8 ps, 1BHIFa5E 40 ps, MHE:
B AN ESHR 02ps. XE 40 ps MHGZSRESREE X, BAT
R R, WwEl 5.16 . BRI & /Y 0.8 ps MIZEZZEHAEH 0.2
ps BLZARET FhEmE. BEERT, ARRTREIEESHL, P
WA  BE U 5 Ay R B2 S N LA A (B R IR B AN B A R )
AHIN A, RETRER BT RS ORNRMS T ESH. 2N RHE
ERART sP A2 oA IS 1) 4543 bl A e 74 A [ (M40, R B4 38 0.8 ps
SEABRABETAHE, T 02ps SRARAAE KA.
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Figure 5.16 Time resolved GSB signal (a) and PIA signal (b) of ligand free and OA capped

Cs;AgBiBrg NCs pumped at 350 nm with <N>=1.2.

ESMEAL S B THE BRI ZRAS S IEE—1 1.4 ps BFIBHRES, WiE
Cs3BihBro PUK B ER T A E 2B SR v ESEHKES . B 1H
Chitigs HRAS AR PR BRI RIS 1R E, W 517 PR,
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Figure 5.17 Charge carrier dynamics model of Cs:AgBiBrg NCs.

543 Cs;AgBiX¢(X=Cl, Br, DK B AR EITAE

BEANBATTAT LT PR 5 B3R A AR Cs2AgBiXs (X=Cl, BrosClos, Br, Broslys,
D Z0K&, WE 518 Frs. BAIER XRD, WE 5.19 a PR, EKSR
WRIH 3D SLIFFARTERT g5, HATHIE, o I-ClLEE A A E RS, X2
FNCl BFERET AT, SRR NI . EAMRATINR TR
JeGik i 5.19 b FroR. BFRRIERLTEREITE 367-500 nm, G IGIEARILTE
Bl 395-575 nm, F 7 BRSO K 22 T H IR S 2 L 26 DA 7 7E BB 2 A IR

E!!!

& 5.18 Cs,AgBiX; (X=Cl, BrosClys, Br, Broslys, DR EEHNEIT TR A

Figure 5.18 Photographs of as-obtained colloidal Cs;AgBiX4 (X=CIl, BrysCly 5, Br, Bryslys, I)

NCs under fluorescent lamp.
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5.19 (a) Cs;AgBiX¢ (X=CI, BrysClys, Br, Broslos, DAK 5 XRD {75 Eil; 0y BERI
Figure 5.19 a) XRD patterns of Cs;AgBiX (X=Cl, BrysClys, Br, Brgsl,s, I) NCs. b)

Steady-state absorption and PL spectra of Cs;AgBiX, NCs.

5.5 CsyAgSbyBigXe (X=Br, Cl; 0=5y<1) WBHT MARBE N NEFE

EREERRE, Fid Cs,AgBils £ 0T BUXUE KT Y057 . HoR S B af BR
Z@EM B TEESBRHK, MEPORM B UEZR TREFE, EERERHT
LASE I 2 AR AR R AR 2T B TURS R . % TR R iR, AL 1A
N A MM X, B A H— M FHEF, BEHNC'BIMA", M A—NERHEE
T, Win Ag', AU, MCAEHM&ERE T B, sb, mPE, X Ak
# ClL Br, . BAEG XS SHT HHEEH T, BE2E58 ERE05/ 1
A DLE RS, Bt T Cs,AgBIiCls, Cs,AgBiBrg, AH G40 K & # 4 1R

, T CsAgBils RAHKEAIHRIE. T AgSb 55, KA Cs:AgSbCls K
MRFRIE. FILERAIS & Rk & 175K A B Cs;AgSbBr.

551 H&E
Cs;AgSbBrs 49K & & B H 2O U #EE . 1§ Cs(OAc) (136 mg,
0.71lmmol), Ag(OAc) (84 mg, 0.5 mmol), Fl Sb(OAc); (150 mg, 0.5 mmol)
BAEMA 10 mL /U, 2.5 mLKER, 0.66 mL JFERITRBEBY. REEE
BRI E I NAE 110°C 4R 45 min, EEEAHBERP M ZRE
BT R 180°C . #8544 0.5 mL = FERRE &7 (TMSBr) I N Z I+
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TR 1 R AOR BETLFE 12w A

KR 30 s. BIZREWEREE, BMEEIKESEHAHNESE. BAHEN
RBATE 8000 rpm FE A4 15 min, ¥ EERBEWRESE, W FIRERD AN
VEo ZUERIA Cs; AgSbBrs 44K &L48, TTLURHZDUNE 4R 8 7 BiE 1k Tl a1k 7
BT . Z ST ERIFER T8 Cs,AgSbCls, AFEE 180°C LM
= H RS RE RIAT.

Cs; AgSbBrs 4K i LA T, RSTTE 14nom 24 (B 520a), BEA M
S SCEEMT AT L, 2925 0.4 nm (B 5.20 b). 3 XRD 475 ELE A0 5.20 d fT
e XRD AT8H& HINAE 20-15.85° , 22.53° , 27.60° , 32.02° , 35.96° ,
390.41° , 45.85° , 51.72° , 54.46° , 57.71° Ay E, XM FESERE A (002),
(0223, (222), (004), (024), (224, (044), (0263, (226, (444) Z&fR[H
Cs,AgSbCls BRI H I FEg K iify, ARSTHRBEE 9 nm (E 520 ¢,
Cs;AgSbCls XRD E[HEFN Cs, AgSbBrs AHALL,  H 2 B T3 e B # [= K A
= (E1520 o), EHEKTEEN. RS A XRD #dBHTHE, SRI0E
5.2-5.4 Fi7R .
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B 520 (a) Cs;AgSbBrs @K TEM Bl A: (b) Cs,AgSbCls #1K BB TEM: (c)

Cs; AgShCl K 5 TEM; (d) Cs,AgShBrg XRD £781; (e) Cs,AgShClXRD #i74t.
Figure 5.20 (a) TEM image of Cs;AgSbBrs NCs. (b) HRTEM image of Cs; AgShBrs NCs. (¢)
TEM image of Cs;AgSbClg NCs. XRD patterns of Cs;AgSbhBr; (d) and Cs;AgShClg NCs

(e).
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F 5.2 Cs,AgSbBrg H1 Cs,AgShCl, fn &5 BT .

Table 5.2 Crystallographic data of Cs;AgSbBrg and Cs;AgSbhCl,.

Cs; AgSbBrg Cs; AgShCly

Crystal system cubic cubic
Space group Fm3m Fm3m

a(A) 5.59172 5.3442(9)

V (A3) 174.83786 152.63(4)
28 max 60.0764 59.993
Rwp 3.21% 3.84%
Rp 2.45% 2.69%
Rexp 2.11% 2.19%

# 5.3 Cs,AgSbBr JE T 28550 o5 £ Hoi

Table 5.3 Atomic coordinates, occupancies for Cs;AgSbBr from refined XRD patterns.

Atom X v z Ocec. Site
Cs 0.000 0.000 0.000 1.000 la
Ag 0.500 0.500 0.500 0.450 b
Sh 0.500 0.500 0.500 0.494 b
Br 0.500 0.500 0.000 1.023 3c

& 5.4 Cs;AgSbCls JE T8RRI 7 7 i3

Table 5.4 Atomic coordinates, occupancies for Cs,AgSbClg from refined XRD patterns.

Atom X v z Oce. Site
Cs 0.000 0.000 0.000 1.000 la
Ag 0.500 0.500 0.500 0.486 1b
Sb 0.500 0.500 0.500 0.504 1b
Cl 0.000 0.500 0.500 1.261 3c

A — B R B R (B 5.21). BHHEL T Cs)AgSbBre 4324 12
AR T AT R i, BT TR B = . e
UL PR IE 5 BITE 435 nm A1 360 nm [T, 07 BEA R M% A 200 A 5
(BT WO, {H A2 AE 450 nm P IEIRCTIVE R % . BT bR B A &
AR EL AT AE ARt b, AT &R T CsoAgBiBre 44 K ab 1E st b, H AL
RRIR YN 5.22 Bram. BATTET DA AR AR O LH S B 43 BITHE 427 nm
1380 nm, T fE R A —RIIESE 427 nm. 427 nm FIRE TR BUE R A Bi 1
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Figure 5.21 Steady-state absorption spectra of Cs;AgShBrg (a) and Cs,AgShClg NCs (b).

Insert: Photographs of the corresponding colloidal NCs.

Cs_AgBibr,

Normalized Abs

300 400 500 800 700
Wavelength (nm)

B 522 Cs;AgBiBrs K @RERBOCHE, TR ABERE, BERIBERIEE,

Figure 5.22 Absorption spectra of Cs;AgBiBrg NCs. The solid line indicates the absorption

of colloidal NCs while the dashed line indicates the absorption of thin films.
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Figure 5.24 (a) TEM image of Cs,AgSb, 1BixCl; (x=0, 0.25, 0.5, 0.75, 1) NCs. (b) XRD
patterns. (¢) Absorption of colloidal NCs and thin films. The solid line indicates the

absorption of colloidal NCs while the dashed line indicates the absorption of thin films.
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dynamics at different pump fluences. (¢) Up: TA signal as a function of pump fluences.
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Figure 5.29 Charge carrier dynamics in the double perovskite NCs.

(a) <N>~0.06 (e) <N>~4.5
10 10
w ’Jf
2 &
E 10 g 10"
(= |:
430 440 450 440 450
Wavelength (nm) Wavelength (nm) Wavelength (nm)
0.002) ¢ PIA d oo4] & PIA (f) adi ""‘l‘, —
(b) A —GSB ( ) . P, - GSB 0,08 !f i“m —GS8
J&! 002 I

&

0.000 {4 Meriig n. sananss) 0 oo qg- e
! (@] 1
i

AA (OD)

%
e g . Ak
BB M2 0 DS

. 5oC
o 2 4 8 8 10 Q 2 4 -] 8 10

Time (ps) Time (ps) Time (ps)

E 5.30 CsAgShy25Big7sBr %9{6 ﬁl;ﬁE;F ﬁﬁﬁj’ﬁgﬁﬁ—ﬁ‘%ﬁg E%ﬂﬂﬁﬁﬁﬂﬁl&ﬂﬂﬁlﬁ%@fé%u

Figure 5.30 Pseudo color TA plot and the corresponding PIA and GSB dynamics of

Cs>AgSby.sBiy.7sBrs colloidal NCs at <N>=0.06 (a), (b); <N>=1.5 (c), (d); <N>=4.5 (e), ()

5.5.3 BB FAHEhAE
H— R AR, ESEAREING SR T E R CRE. BIEL Eiie

86



%5 E AR ek AR BELE IR

AR, IS AR ER T R R EE, BRI ERCR IR E R RAY B
T (N>-0.06) , HE T EABIREA LIS [F<0.1ps. BEFHOR T2 E M,
HETTT A BB . BRATEIRFE<N>~4.5 I, BT ST T 10 ps B ]
RAH (F 5300, &2 RBEHGE T A 21,

HEFANSLZNPE, S5E, RETELRIEET, A¥FET
WEANFEFET, RoFE¥E Tl EE IRV IAEE, R E BETR $
W] R AR T, A%FE T, E¥ETFZENEATEN, WHRIET
BERAS HEL, S HBAE TSNS . X TRERETRSALHE, F
Bl — SR AR E .

5.6 BEERIGGHRT ARRLHHF

P AR R AR T2 R PR R RS B AR A, X T [A) 4
WA, S RN IEA RN k8, B PERILRRN SRE 1.
ZRPOT PER AR, RO, BRTAm K. YT EABERER
3k, WRAMIERER— k &, BRI RARTNERNZYE, &
AETNES, FERRARER, ROURFES, RotFamadasd, wmE 531

ﬁﬁZTT[IB]o

Indirect bandgap Direct bandgap
rs A
CBM CBM
i ”<
., Phonon
(S] _8 |
L AllowedT 2 w <||>
©
£
VBM VBM
K K

B 5.31 (AR A B B TR E e

Figure 5.31 Illustration of absorption and recombination processes between the VBM and

CBM of indirect bandgap (left) and direct bandgap (right) materials.

87



PEERT TR A R R EGR T B A1 E AL

R4 L BRI A, E SR, AN AR S EH 2 S B Ak,
PR&| 7 AR, BILRATRRIEDE TS SR R R AR . 34T
SRR AR B IR IS SR 2K & SR - A TR S E R

C,AgBiClg AREEH H2E Sk, FIhHBAM LR EEAE TS5, TH
B 7 A E IR B . B8 T TE 375 nm FE A BT RIS A1, HL T K
WWERE, BF 700 nm, FATRIZWRIHE 22N A M E 50T LS8,
ZEs FESRMRE G 0. BRIKE S TR, ZMMiz5H
BERAIAREXR, BHTHATS5MME. MFEXMERTH, Cs2AgnClg
NEEBRESEDY, BRI EEEE N FE IR BA IR 51 LU
W InvBi YRRk SEIL B A ERIT RV E BB Y R TR 1 — R A
Cs,AgInBi; Cls (x =0, 0.25, 0.5 0.75, 0.9)Z4K 5 (MR

1:8
Cs AgBiCl, NCs Ligand free
1% OA

8 1.0
©
e
[0}
N .
= Sub-bandgap absorption
g 0.5 related surface defects
= :
o
=z

0.0 T T T T T T T

300 400 500 600 700

Wavelength (nm)

A 5.32 Cs,AgBiCl K TR LT

Figure 5.32 Absorption spectra of Cs;AgBiCls NCs with different content of OA.

561 MHAEHRRERA

& FL Cs,AgBICls 492K & - B CsCL, ApCl, BiCls $#2 B8 BE IR EL 2:1:1 () EL A&
NV AEAE DMSO 72 B AT SR AR i - 49 4024 33.7 mg CsCl, 143 mg AgCl, 31.5
mg BiCl; ¥5#2{E 5 mL DMSO F1. A5 100 uL B3RS HE A 5 mL Bl 2443
RS . HZEEE OEBRRIR AN &EE. SR EHBRAEZNHKE
FiEFEM, HEEASETREN MRS NEEDEIA . &850 & /Bl FIZK
fn CssAgIngBiLXe (x=0.25,0.5,0.75,0.9) JFiEHp, REEIIETH BICl;

88



F5F ESEA KRR FHI

M InCly #HBE— 2B RLREE . T Cs,AgBiCls, XRD AT5 U H I
20=14.02° ,1625° ,23.07° ,27.15° ,2845° ,3296° ,3684° ,40.78° ,4337°
S BT AT MR (1112, (002), (022), (113), (222), (004), (024),
(224), (044) HFHEME. FEE In & EHM, AFaEEKAERE, TERHT
In FIE 4L Bib, dadd s 5 33

(a) 1 (022) (222) In** content | A=1.3°
() (13 i o 0% /\M
> o | e 0% e
‘E : ‘
5 “““‘mk-_,\_u.-_we-lh«x_‘ 25% -,J
£ — T el
- : :
5] : :
N
©
E
]
z i .
| ] i . ‘
10 20 30 40 50 33 34
2 Theta (degree)
(b) ¥ (9,
S
P )
:ﬁ;- g2
{ . o 5
B %
= ; o
— gue.. ’% T
50 nm 5 Sy : Diameter (nm)

B 533 (a) Cs,Agin,Bi_Cls(x =0, 0.25, 0.5, 0.75, 0.9FH 5 XRD #75 B, (b)

Cs;Agln,Bi,Clg (x = 0.98K T TEM; () RIHGEFE; (d-f) BB TEMEA.
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