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Abstract: Formamidinium lead bromide perovskite nanocrystals (FAPbBry; NCs) have attracted widespread atten-
tion due to their excellent performance in optoelectronic applications. Notably, the utilization of amines as ligands
for effective surface passivation of perovskite nanocrystals has been proven to be an effective method for enhancing de-
vice performance. In this work, FAPbBr; NCs with two different amine ligands (long-chain oleylamine and short-
chain hexylamine) were prepared using ligand-assisted reprecipitation technology. Their excited-state carrier dynam-
ics were studied by transient absorption (TA) spectroscopy and time-resolved photoluminescence (TRPL) , revealing
that NCs with oleylamine ligands exhibit longer carrier lifetime and slower carrier relaxation dynamics, indicating
that long-chain oleylamine can effectively passivate surface defects and promote radiative recombination. The temper-
ature dependence of FAPbBr; NCs was investigated using steady-state photoluminescence spectroscopy. The results
showed that as the temperature increases, exciton-phonon coupling is enhanced, leading to an increase in linewidth
and photon energy of the emission peak. The exciton binding energy in long-chain oleylamine-ligated FAPbBr; NCs
was determined to be approximately 62.9 meV, and the longitudinal optical phonon energy was approximately
30.5 meV. The research results confirm the role of amine ligands in regulating the optical properties of FAPbBr;

NCs, providing important guidance for the design of high-performance optoelectronic devices.
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Morphology of FAPbBry NCs. (a), (d)TEM image of FAPbBry; NCs synthesized with oleylamine (C18) and hexylamine

Height 1.0 pm

(C6) , respectively. (b), (e) Histogram for the size distribution of FAPbBr; NCs with Gaussian fitting, yielding the

mean size of sample C18 and C6 equal to 12.6 nm and 8.5 nm, respectively. (¢), (f) AFM image of the sample C18 and

C6 FAPbBr; NCs film respectively



1590 K b/

¥R 545 &

B A0 AR RS R & 1(e) L () 43 51 R i
fn C18 1 C6 MY IR F 7 S G, th AFM I i &5
A AL B C18 R0 C6 B RLEE B2 Rg 43120 14. 8 nm 1
16. 1 nm, £ 55 B R A 5 19 98 K & 58 5 26 1 KL
BE 2T o B CE B R LT AR AR
300 nm. 3 X 2 AT E 53 BT T FAPbBry NCs
R A R S5 F (B 2(a) ) o 25 S B, FAPbBr,
NCs A S 16 () 20/ 7E 14. 6° .20.9° .29. 6° .33. 3",
36.8°.42.6° 1 45.1°, 43 H| X} B F SC ik H A
1) B A7 25 (B B Pm-3m 957 57 A FAPbBry 19 (001) |
(011) . (002) . (012) . (112) . (022) #1 (003)",
XRD s 2 W, i 4R 15 1 40 K R EL A 85 B2 45 4y
PE. AN, BESL C18 1 C6 Y XRD G 1 A i 5 s o7
WA AR AL, 3R WA [A) e BE AR XT FAPDBry NCs /Y
FEA SR S5 A B 52

FE i C18 FIEE i C6 1 58 Hh -1 DL I i 1% A
AL B PLOYGTE A SN 2(b) (o) s , 78 % I 4%

f°F , FAPbBr; NCs 43 # T W AR5 W h iy IH — 1k
W YA 3k DA T 26 6 7 i PLOG 3 D) LA 28 S 30
MEE S -AT DL O35 AT LA Y FAPbBry NCs B
EE VDL e e e R G e S I e 1T N i) 2
BER K BHOE o BE S C18 AW ICHT 3 5 4 539 nm
b X5 T 2. 30 eV B AT, 473 nm CW BOG UL
B PLOYGIE 89 & 55 06 L 530 nm (2. 34 eV) K,
U4 55 (FWHM) 4 22. 1 nm (97 meV), 3% 2250 {H
5 Li 55 S i 0y o 5% 45 SR A AR FE AL Co iy Wik
WG AE 528 nm &b, X R T 2. 35 eV [ B, PL
JGE L 2.38 eV Ry L, 2R 4 T8 (FWHM) N
24. 1 nm(113 meV). X} FAPbBr; NCs i W 500k
TR PLOGIE , AT DLULER B PLOGIE (I (4 B 5
W T 1% 8 W L3 22 TR A7 A AR 7N Y Stokes 37 75
K H 30 ~ 40 meV , X — BLR KU T H R4 IR 45
R VR S B2 B AR T, LR G R AT B
AR A NG R A

(H) (001) (})>

(==}
—~
o
~

(=]

_ 1.0+ C18 ; L c6 1.0
| C6 = - 8
; (002) £ 08 {08 2 Zost 08 %
‘. J O ]2 0m) £ T £ ' £
= W\JM = 0.6 1062 306 7 0.6 2
= i [ i
£ 3 S 0= g
2 s 04 104 5 €04t 104 8
= c18 E 2.30 eV g = 2.35eV 3
o2 {025  Eoa2f 02 5
Z 7 5 B i -

L ! " 0 1 il Il | L1 0 I Ll 1 1 0
10 20 30 40 50 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0 1.6 1.8 2.0 22 24 26 2.8 3.0
20/(°) Energy/eV Energy/eV

B2 (a)BEdh C18 FIAE S C6 1Y XRD 3% 5 (b)FEdh C18 A 22 41 AT WL Y& 6 3% (20 ¢ il 48 ) Al PLOG S (5 (il 8 ) 5 (o) BE A
C6 1) 5 A0 ] UL ' 1% (2068 il 28 RN PL G (i Ll £8)

Fig. 2

(a) XRD patterns of sample C18 and C6. (b) UV-Vis absorption (red curve) and PL spectrum (blue curve) of sample

C18. (¢)UV-Vis absorption(red curve) and PL spectrum(blue curve) of sample C6
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tra of sample C18 at different delay time. Pseudo colour TA plot for sample C6 in solution at low pump fluence (e) and

high pump fluence(f). (g), (h)TA spectra of sample C6 at different delay time
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details of the changes in the kinetic curves within 0—10 ps. (b)The kinetic curves at the characteristic peaks PA| and PB

in the TA spectrum of sample C6, inset shows the details of the changes in the kinetic curves within 0-10 ps. Normalized

kinetic curves at the peak of PB signal for samples C18(c) and samples C6(d) under different pump fluence. (e)—(f)

The reciprocal of the absorption intensity AA™ of samples C18 and C6 as a function of delay time at corresponding pump

fluence, respectively
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Tab. 1 Global fitting results of transient absorption dynamics

Sample 7,/ps 7,/ps 7,/ps
C18 0.702 + 0. 087 170.1+8.7 1271.7£81.8
C6 0. 460 + 0. 044 84.8+13.2 607.3+71.2
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Fig. 5 Time-resolved photoluminescence (TRPL) decay curves

and fitting curves of samples C18 and C6

F®2 HMCISMER COM TRPLIEM BHMEER
Tab.2 Time-resolved photoluminesccence lifetime of sam-

ples C18 and C6

Sample 7,/ms(A/%)  7,/ns(A,/%) 7,./ns
C18 1.17(35) 16. 64(65) 16.08 + 0. 23
C6 0.85(52) 9.61(48) 8.84 +0.21

3.4 TEPLXESH

WP 454 e SR RAE P AR SOE 9K MR RV
M) —ANEHESE ST EME G E R E
PERRZ M o FRATHE— M T R C18 1Y AR IR
PL Y63 K B 5% FAPbBr; NCs (93 11 i 5 & 64
PE . ¥ FAPbBry NCs i Wi 75 £1 95 3 3 S Al I,
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Fig. 6 Temperature-dependent PL properties of FAPbBr; NCs. (a) Temperature dependent normalized steady-state spectra un-

der 400 nm femtosecond laser excitation. (b) Temperature dependence of emission peak energy. (¢)PL spectra of FAPh-

Bry NCs with temperature variation in the range of 77 K to 300 K. (d) Integrate PL intensity as a function of temperature ,

the red line is the non-linear fitting curve. (e) The FWHM of the steady-state PL spectrum as a function of temperature,,

the red line is fitted by Eq.(4). (f) The relationship between PL spectral intensity and excitation intensity at characteris-

tic temperature



5510 4

FOAAE, SF TR IR A BRI 4K A Y I S Wl I RO EUR O 1595

SeHF B LR TS AL, 7E 165 K 2247, R S e S sk 3
R WS X2 i N A T i B 0E I 25 4 A AR
S, BEE SR E M 165 K TFE 2 300 K, 5656
AF B R B AT O £k M R K PLOOG (07 B
61.0 meV 1Y W5 B8 , 3K Bl i 7 J2 H i 4% 119 402 ik AR
e B g RN ., LS IEEkER SEEZ
J) ) £ 1 56 28 2 BH I /X FAPbBry NCs A 3 FHE =
T I A R

& 6(c)JE 7R T FAPbBry NCs F 728 Wi PLOGIE .
B 5 T R 1 TH R PLOE B B SR s /N O HL PL g
L T8 0 2 2 9 . AR TR 45 G RE (Ey) &
R I 3 AH DG 1 PLOGIS A5 33 . FAPbBr; NCs 1Y
FR53 PL R BE B I B ARSI T 6 (d) [T, S 30 48
YuAd FH Arrhenius FREPLGE, PG H .

1,

1o dei )
For 1(T) A1 43 ) R A AR TR E AR R T B B

PLRJE AW AL E R P4 ARE. AR
(3) 481 & 7] LA #3 &8 FAPbBr; NCs 1 45 & fig Ep~
62.9 meV, dE % % i Z A i 8 B9 B /K FAPbBr,
NCs I 745 5 B (~68. 4 meV)™',

B I8 32 AR b ) PL S 2R 58 FE AN 6 (e) T 7, DA
AT DL A € 98 FAPbBry NCs B HL T- 74 T # &
Mg, FLATWEH], R B 77 K E T+ % 300 K
IF, B B PLF 5 42 98 DA 28. 0 meV 12 8 2
81.8 meV, oK th 5 il B AR fb i P Ltk 1 4 e
oo PLJ R 4 0 B 0 E E T A A
W — B A R T, o i S 25 A
& s RN 5 A B BT A i ¥ ) R
TERONE . RN PL G Y T TE AT AR B N A
BRI B K Tk A A S T e
T FMHEER, SRR R, IR
PRI T, 50 1Y 200 TR 2 o T R T B
T AN Y 5 F T 40 AT, BE J5 PL U 1Y 2k 9 A Y
FE, FWHM 9 55 55 $ 4 T B 60 450 A0 g 17 40
AL R,

rry=r,+r,/l(exp(hw,/k,T)-1), (4)

I(T) =

& £ X #:

Hop Py &3 35 59 J& 58 BTk, o & X FWHM [ 90
3 T OE P T 5K, howo i N 1 624 (LO) 5 1
et MABLEHE . KBS MT. I, =
26.3meV, ", = 66.5meV,how,, = 30. 5meV, &
T Parveen 25 M 15 ) CH;NH;PbBr; 1 T S Y R,
{f 33. 8 meV ™,

7E 77 K. 160 K #1300 K F il & T PL 3R J& 5
FHBERBEEN LR, WA 6(D R, HEIHH
HH A0 R AR A (1 oc p*) , v 18 PLSRJEE , p 2
WA REE I P fE iR 3 2 & it
o XFHRSFEA, BT 10T F40X
Xof B WA T8 A F8 B0k 29 2, Sl 5 LA A5 3
TE 77 K B k=1, 82 [ FEAR AR 1 , 2 W] T 806+ 1K
Yot BRI 2 A . 7E 160 K k=1. 61 1 300 K
BF k=1. 16, IE5E T H & K5 0938 Fe Pk (1<k<2 i
BTAHHRB MRS FWEL™. FHit,
FAPbBr; NCs 3 5 rp 1) 3 & ol B2 v LhaE 3 B i A
i 1) A s 6T i 2 K A B

4 % #

-2

ABIF IR AR T AN [7] Jig e 1 ) FEY IR B VR 5
B GOK OB RE 2 I . 25 2R W KB T e
Be A4 B FAPbBry NCs BLAT 88K Y b R 8%
I 110 2 TERELARE 3 RN A K ) R A A, T e O e
i 1 B NCs DU 35 B8 1 650 DR %) 2880 08— ol 7 R i 1
BT A o X 2 B T BE A 0 ] FAPD-
Bry NCs 3R I S fE IR E 5 0 52 6 o UL b, 223 PL
S 43 A1 B 7 FAPbBry NCs F %€ 64 Bt Bifi 1L & 78
b, BTV A 1 A BN P A 3. ARSI E T R
35 b 35 A i e 1A % 1 X FAPDBry NCs %) B B
B IR RIAVE R AN AEEUE T K A e AR TR ol 35 20 0 1 3
F12E 0 T3 38 S TT & 3 T 85K 40K il i) T
— RO PR R T B A A5 R R BE TS

AR I G AR T L B A 1 A AT S
http://cjl. lightpublishing. cn/thesisDetails#10.37188/
CJL.20240154.

[ 1 ] CORREA-BAENA J P, ABATE A, SALIBA M, et al. The rapid evolution of highly efficient perovskite solar cells [Jl.

Energy Environ. Sci. , 2017, 10(3): 710-727.

[ 2 ] ZHENG X P, HOU Y, BAO C X, et al. Managing grains and interfaces via ligand anchoring enables 22. 3%-efficiency
inverted perovskite solar cells [J]. Nat. Energy, 2020, 5(2): 131-140.



1596 % 2% Eivd %45 %

e
(a3}

[ 3] #&F, HIFF, F4.0 . MAE 7% 5 5000 5 B & RORM B0 i 7 mUROC R [J]. K53k, 2023, 44
(6):933-941.
ZHENG J P, YANG K Y, LI F S. Strengthening carrier transmission to achieve high brightness and high efficiency of
perovskite quantum dot light emitting diodes [J]. Chin. J. Lumin. , 2023, 44(6): 933-941. (in Chinese)

[ 4 ]#4r4n, 2EE, 5, F. @SR BAEMEOCHFRIER [J]. £ 5 M, 2022, 43(10): 1478-1494.
WEIY F, LI G H, PAN D, et al. Research progress towards perovskite electrical driven lasers [J]. Chin. J. Lumin. ,
2022, 43(10): 1478-1494. (in Chinese)

[ 5 ] FERREIRA R, SHAIKH M, JAKKA S K, er al. Bandlike transport in FAPbBr; quantum dot phototransistor with high
hole mobility and ultrahigh photodetectivity [J]. Nano Lett. , 2022, 22(22): 9020-9026.

[ 6 ] HASSAN YY, SONG Y, PENSACK R D, et al. Structure-tuned lead halide perovskite nanocrystals [J]. Adv. Mater. ,
2016, 28(3): 566-573.

[ 7 ] fTwete, A, AR, F. REOCERCH KW ST 20K BRHERE [J]. AR %H, 2021, 42(11): 1701-

1721.

HE X X, ZHOU H, HE Q Q, et al. Research progress of lead halide perovskite nanocrystals stabilized by surface coating

[J]. Chin. J. Lumin. , 2021, 42(11): 1701-1721. (in Chinese)

GONZALEZ-CARRERO S, FRANCES-SORIANO L, GONZALEZ-BEJAR M, et al. The luminescence of CH;NH;PbBr,

—
oo
[

perovskite nanoparticles crests the summit and their photostability under wet conditions is enhanced [J]. Small, 2016, 12
(38): 5245-5250.

[ 9 ] SCHMIDT L C, PERTEGAS A, GONZALEZ-CARRERO S, et al. Nontemplate synthesis of CH;NH;PbBr; perovskite
nanoparticles [J]. J. Am. Chem. Soc. , 2014, 136(3): 850-853.

[10] FENG W H, WU W Q, DING L M. Amines modulation and passivation yields record perovskite optoelectronic devices
[J]. J. Energy Chem. , 2021, 53: 419-421.

[11] FENG W H, ZHANG C X, ZHONG J X, et al. Correlating alkyl chain length with defect passivation efficacy in
perovskite solar cells [J]. Chem. Commun. , 2020, 56(37): 5006-5009.

[12] FU C P, GUZK, TANG Y, et al. From structural design to functional construction: amine molecules in high-perfor-
mance formamidinium-based perovskite solar cells [ J]. Angew. Chem. Int. Ed. , 2022, 61(19): ¢202117067.

[13] FUJH, RAMESH S, LIM ] W M, et al. Carriers, quasi-particles, and collective excitations in halide perovskites [J].
Chem. Rev. , 2023, 123(13): 8154-8231.

[ 14 ] VELDHUISS A, TAY Y K E, BRUNO A, et al. Benzyl alcohol-treated CH;NH;PbBr; nanocrystals exhibiting high lumi-
nescence, stability, and ultralow amplified spontaneous emission thresholds [J]. Nano Lett. , 2017, 17 (12) : 7424-
7432.

[ 15 ] PROTESESCU L, YAKUNIN S, BODNARCHUK M I, et al. Monodisperse formamidinium lead bromide nanocrystals
with bright and stable green photoluminescence [J]. Am. Chem. Soc. , 2016, 138(43): 14202-14205.

[16] LI Q Y, ZHENG Y F, GUO X, et al. Interface engineering enhances the photovoltaic performance of wide bandgap
FAPbBr, perovskite for application in low-light environments [J]. Adv. Funct. Mater. , 2023, 33(40): 2303729.

[17 ] ZHANG P L, ZHU G B, SHI Y, et al. Ultrafast interfacial charge transfer of cesium lead halide perovskite films CsPbX;,
(X = Cl, Br, 1) with different halogen mixing [J]. J. Phys. Chem. C, 2018, 122(48): 27148-27155.

[ 18 ] ANEESH J, SWARNKAR A, RAVIV K, et al. Ultrafast exciton dynamics in colloidal CsPbBry perovskite nanocrystals :
Biexciton effect and Auger recombination [J]. J. Phys. Chem. C, 2017, 121(8): 4734-4739.

[ 19 ] MARJIT K, DAS A, GHOSH D, et al. Effect of A-site cations on carrier relaxation dynamics of APbBry (4 = Cs/MA/FA)
perovskite nanoplatelets [J]. J. Phys. Chem. C, 2024, 128(20): 8357-8364.

[20] GUO Z, WAN Y, YANG M J, et al. Long-range hot-carrier transport in hybrid perovskites visualized by ultrafast micros-
copy [J]. Science, 2017, 356(6333): 59-62.

[21] WEN XM, YUP, TOH Y R, et al. Intrinsic and extrinsic fluorescence in carbon nanodots: ultrafast time-resolved fluo-
rescence and carrier dynamics [J]. Adv. Opt. Mater. , 2013, 1(2): 173-178.

[22] xwehk. ARBHRT BAEEEATHARRZ A FAL (D] KE: FHHKE, 2019.

LIU X C. Inwestigation on the Ultrafast Dynamics of Excited-state Carriers in Lead Halide Perovskites [D]. Changchun: Ji-
lin University, 2019. (in Chinese)



5510 M FOAAE, SF TR IR A BRI 4K A Y I S Wl I RO EUR O 1597

[ 23] MONDAL A, ANEESH J, RAVIV K, et al. Ultrafast exciton many-body interactions and hot-phonon bottleneck in colloi-
dal cesium lead halide perovskite nanocrystals (1. Phys. Rev. B, 2018, 98(11): 115418.

[ 24 ] MANSER J S, KAMAT P V. Band filling with free charge carriers in organometal halide perovskites [J]. Nat. Photon-
ics, 2014, 8(9): 737-743.

[25] LIUZZ, HUZ P, ZHANG Z Y, et al. Two-photon pumped amplified spontaneous emission and lasing from formamidini-
um lead bromine nanocrystals [J]. ACS Photonics, 2019, 6(12): 3150-3158.

[26] ZHUANG S W, XUD Q, XU J X, et al. Temperature-dependent photoluminescence on organic inorganic metal halide
perovskite CH;NH;PbI;_.Cl, prepared on ZnO/FTO substrates using a two-step method [J]. Chin. Phys. B, 2017, 26
(1): 017802.

[27]LUTP, MAZG, DUC H, et al. Temperature-dependent photoluminescence in light-emitting diodes [J]. Seci. Rep. ,
2014, 4: 6131.

[ 28 ] RUDIN S, REINECKE T L, SEGALL B. Temperature-dependent exciton linewidths in semiconductors [J]. Phys. Rev.
B, 1990, 42(17): 11218-11231.

[ 29 ] PARVEEN S, PAUL K K, DAS R, et al. Large exciton binding energy, high photoluminescence quantum yield and im-
proved photostability of organo-metal halide hybrid perovskite quantum dots grown on a mesoporous titanium dioxide tem-
plate [J]. J. Colloid Interface Sci. , 2019, 539: 619-633.

[30] FANG H H, PROTESESCU L, BALAZS D M, et al. Exciton recombination in formamidinium lead triiodide : nanocrys-
tals versus thin films [ J]. Small, 2017, 13(32): 1700673.

[31 ] SHIZF, LIY, ZHANG Y T, et al. High-efficiency and air-stable perovskite quantum dots light-emitting diodes with an
all-inorganic heterostructure [ J]. Nano Lett. , 2017, 17(1): 313-321.

EIIR(1985-) L, i w5 HA Bl
o, PRI, 2012 4F 87 IR 2 AR AR 1
ey, BTN FA Y- A5 L
74K B B O FER P T B
E-mail: wangyjO0l@nbut. edu. cn

XEE(1993-), 53 i db 22N i+,
Wl Bz WA S0, 2021 4F F AR
KRG 200, FENF LA M
RS &0 77 T BT

E-mail: liuwei@zafu. edu. cn




