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Fig. 1 Schematic illustration of aqueous synthesis of one-dimensional perovskites
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Fig. 3 PL spectra excited by 405 nm (black line) and 473 nm (red line) laser and absorption spectrum (blue line) of one-
dimensional double chain TMEDAPDb,I; perovskites at 78 K

6000
M Broad peak n
5000 @ Narrow peak
4000 |
4000 [ -
_ =
= s
< 3000 =z
= =
= S 2000 |-
2000 [ £
1000 [
*—o—©
0 = 1 ) 1 " 0 ré 1 2 1 s 1 3 1
500 600 700 800 900 0 5 10 15 20
Wavelength/nm Power/uW
(a) PL spectra excited by a 405 nm laser (b) The emission intensity versus the excitation
under different excitation power power extracted from Fig. (a)
30000 [ M Broad peak
30000 - @ Narrow peak
=
520000 )
Cha | Z o
= g
= -
10000 - = 10000
0 1 A A 1 " A O i 1 A 1 A 1 A 1
500 600 700 800 900 0 5 10 15
Wavelength/nm Power/uW
© ?L spectra e>'<cit.ed by a 473 nm laser under (d) The emission intensity versus the excitation
different excitation power power extracted from Fig. (c)

B4 —4 44545 TMEDAPD,L PL Ot % 4 i Fr 58 4 16 KL 58 B MR 70 3 R ALty X &

Fig. 4 The excitation powder dependent emission intensity of one—~dimensional double chain TMEDAPD,I; perovskites
1 PL & 6 m] LLHERR K BT BB R B RO6

R T B E AN [ A OGO TR — 4R XUEE B ER AT 1 PL OGS 7% 45 0 A AR AL AS Y DRI I B 1A HILEE Y PL
Jeik . A 5Ca) B A] U AT 473 n O IOR BB BUR L IEAL , 405 nm BOLHUR T B A HLEE R L BUR G
Wy R B W A RS o I BLR S — Y UUSE £ BRR rp A Y A U 4 (52 B W, DRI 4 00 2 i 0 7 1) % 8y T
AE A HLEE CHUNL OGS B 0 A, FATT R BUAERE S A ad B oo A R AR FR 9 A HLBE MA/R-NH, iR
B2 R T AR RE i PLOAOGIE RS8R o AR [R5 MA/R-NH, AT HLEE TR & V8 1 21 A9 — 4 0UE 45 B8
5 473 nm BOEECR T 1 PLEANE 5(b) B , BiE A HLEE MA/R-NH, 1R 45 7 W 0935 00, 981 16 & L 5 i 1%

03521114



EGE 5 AR SR CoH N, P, L 19065 45 1] 53 1 (RE i)

— 405 nm

— 473 nm
3 E)
S S
= =
= 2
Q Q
k| g

A
1 i 1 i 1 re 1 2 1 1 1 1 1
500 600 700 800 500 600 700 800
Wavelength/nm Wavelength/nm
(a) PL spectra of C,H N, chain (b) PL spectra of perovskites synthesized

under different amount of MA/ R-NH,

K5 #HAHL4 CHN, R F B EMRMA/R-NH, B 4K &4 T A K4S 47 5 PL K
Fig.5 PL spectra of C;H,,N, organic chain and perovskites synthesized by using different amount of MA/R-NH, solutions

WA . X UED] T A HLEE Y B S s2 e R R BE S A AR A O R B T DU R IR 4R RO AR Y K
R
23 —HWESBRTHWPLAESERME

J T R ST — 2 R AR BT B O 2 4% 1) S, SR 405 nm %K OB I R IR T PLOGTE T A B AT
T RG4S 1 Sk, OGBS DLET SR OGRS AR R . BT 6 (a) S FE AR 78 KA [l 41 71 B2 (0°, 30°H1 90°) &
B PL & 5615, D rf 2 IBOAS [ i 1 71 B2 049 & DG B, I8 FH 4% 5% ok K5OG B8040 0045 75 210 i Ak A B 51 6 (b)
B o L S 0 R AR, 25 W — 4 AU 45 4K 5 TMEDAPD,L B A 62 45 1) S vk 28 8 4 v — a1
(1../I..) 0 15.9, b 2 Aif 4R 38 f — 4k P 5E 45 4k 5 C,NLH P 7E 78 K By & SF &k — (0 (1.92) #1745,
TR ST A R AT A AR 45 4 B X B T DA 5 PL R GG A5 T S

5000
90
1 120
4000 4000 T
" 150 30
3 3000 2000 A
s ~
Z 2000 2 04 180 0
= z
L
1000 = 2000 ]
]l 210 : 330
0 4000 |
1 1 1 " 1 " 1 1 1
500 600 700 800 900 ; 240 70 300
Wavelength/nm
(a) PL spectra under different polarization angles at 78 K (b) The emission intensity of the broad peak versus polarization angle

B 6 78K ARl ik A B (07, 30748 90°) T i PL St K PL % B M f 4 A & AL #9 4 A7
Fig. 6 PL spectra under different polarization angles at 78 K and PL intensity versus polarization angles

I 5T — 4 BUEE S R LA [R) I BE R G2 45 ) Ak i TSR E R (78 KL 110 K, 140 K, 170 K,
200 K, 230 K, 260 K) #9722 i PL Yt 3% 45 2 H A ok )52 6 I I A9 3 22 A i i AR pi 18T . 1817 9 110 K 1) 260 K
(3L B2 18] B 2 30 KO By PL 5 32 B fin 9 #1522 A0 B0 A AR AR I o R L2 Sl Ay UL 000 281, AN [) 9 8 ) A A2 s P61 v,
DB B A Al U A BE S 307N Fie K, 1207 fie /0y o B BUR 6 4% 1w 5k 1 DR /N 32 8y A G 757 O IR 7 0 AR 5 4 v
N TR Al 4 P, S 58 B R U0 B O A1 A B 30° % 0 — 2k R 455 B it A 1 A Bl

K8 B R O 2t — (U L BE IR p9 S A B P o AP AT LA Y, — 2 XUEE B SR S AR A 2t —
L 110 K IF R K, T3k 17.4, 2K T 08 (9 — 2k SR 55 BR ™ 1 e R 2k — @ L (5.5) ", 3E— 2B E B3 1o B

0352111-5



900 q

3000 600 4
~ 2000 1 6001 150 150
s - S 300 A
< 1000 A S 300 2
2 & S
g 0 2 0180 2 080 f
o %] = |
2000 = -

6004 210 210 N\ /330

3000 ‘ 600
900 - 240 300
270 270 270
(@) 110K (b) 140K (©) 170K
90 90
600 1 200 A
450
150
2300- /;.300- = 100 1
< < 150 =
X = £ |18
2 150 g
E | E E 100 4
= 300 = 3001 210
600 - 4501 200
270 270 270
(d)200 K (€)230K (260K

B 7 405nm #ot# A T 110 K2 260 K4 Rl & & T PL % & 0% 3k /B2 f oy i A7 B L IR B B IR % 30 K
Fig. 7 PL intensity versus polarization angle from 110 K to 260 K with a 30 K interval

18F -
|

15F
g
St -
§S)

|

S ot
o
8
2 6f -
= |

3 B L L L -

60 120 180 240 300
Temperature/K

B8 78K Z 260 K( A 30K)EEEE N LB A LA _EILMEZNE
Fig. 8 Temperature dependent linear dichroic ratio from 78 K to 260 K (30 K interval)
AR ot A B 0T PR T AR e O A A e e o FRATT I A RS R AN B SR A AR, ML A £ i —
SRR JE G o BEAh 2k T L R DG 3 I i R Y T o T U0 — 2 BB A R 0 2 A B R S, vl g
F AN T T 1o it 1 A2 ik 28 50 O B T v ) 7 e 3 5 B 5 BR A R B B
62745 ) S P T LASE a 4% 1 Sk AR 0 ST S R e P PR B, B T S R A SIS R R R ok b,
TR ARG I & ] SR A — 4R XUEE 5 Bk A R AE 290 KR R AR £ B O F1 90° B Y R 4T i
WA 9Ca) Frzs o BE T D0 4 60 B 3, 38 i KK OOC 28338075 30 A4 5 14 19 47 55 SR O R Bcan 151 9(b) L (e) Bir
TR o A AR B AT S S RT3 RCEE D BR AR RE R ORI 90" BN [ A 158 BH — 4 XURE 5 K 5T A7 7E 2 45 1) S5 1
RGN An=n, — ngy, M=k, — ko, 71515 3 B9 T 55 A1 = AR 09 I/ (B 9(d) ) mT LU 7 & 46 & ) 55
PR P g T g, ey 1 Ry 3530 A9 A 43R 7 1500 A O 90° 417 6 3 AT 6 R . 16 460 nm — (A 1 Ak e
KN 1.5, WAL ATT nm BT An ik B B RAE, O 1.3 OB 3 i T AR 22 4% 1) S VA A9 SOLAIT S8, 094
14 BT 5 e R AT 0.4, 3 W] — 2k XUHE 55 Bk 1™ L AT 53 14 016 27 4% 1) 5, 7 D 4R A D6 S0 A 1 A 1
PRI

0352111-6



FWEE, 45— 4 WA 45K C.H,,N,Pb, L 1 65 4% 1) S Pk (FR i)

3
= 5
Z g
151 =
Z 2
o
1l
0 1 " 1 2 1 M n 1 2 1 n 1 2
500 600 700 800 500 600 700 800
Wavelength/nm Wavelength/nm
(a) Reflection spectra (b) Reflective index
2.0
415
A L5 An
=15k 0 — Ak
.g N —— 900
= 5]
§10 g
= o g
15} R =
5 & .2
20s e a
5 M
0
1 1 1 i =t 1 5 A '} i 1 " 1 A
500 600 700 800 500 600 700 800
Wavelength/nm Wavelength/nm
(¢) Extinction coefficient (d) Birefringence and dichroic ratio

9wk A E 2 5 % 040 90°H 290 K T 8y KA 3% , Al K-K % 2 3 3 KA 3% 11 545 21 oy — 48 W4 45 4k 7 37 4 3 A 0 ok R 3
Bt 54 2] o WA 5t fe — 65 1

Fig. 9 Reflection spectra and extracted refringence, extinction coefficient, birefringence and dichroism
£ A
3 it

A SCHEGE T — 4 BUEE 85 K0 CH G NLPD, L i R 1 06 27 45 ) Sk o SR FHK AR 5 WG 17— 2 U 45 4K
C;H o NLPb, L i 4, 6% 3R AE B s Foo 6 & B 4t — Heak 81 17.4, & F O B 19 — 4 S s 55 5k 0 b ik, 3=
A 3 3 AR AEG AR A A X AR T R AR E R A A I e . 2Pl i KK G R TS B — 4R BUEE S Bk T 117 WL
Prap i etk ST S sy A B T 1.3 1.5, AT I AN ANGIE 52 T 3 A B AR A A4 5 A8 14 0 BR P 4
A A ] S PR T AT P e Sy — 4 55 KT A i 4R i O kR 10 BE T R .

5% 3k
[1] SRIVASTAVA A K, ZHANG W, SCHNEIDER J, et al. Photoaligned nanorod enhancement films with polarized

emission for liquid-crystal-display applications[ J]. Advanced Materials, 2017, 29(33): 1701091.

[2] WANG Y, YANG C, WANG Y, et al. Gigabit polarization division multiplexing in visible light communication[J]. Optics

Letters, 2014, 39(7): 1823-1826.

[3] GE Y, MENG L, BAI Z, et al. Linearly polarized photoluminescence from anisotropic perovskite nanostructures:

emerging materials for display technology[ J]. Journal of Information Display, 2019, 20(4): 181-192.

[4] YANG H, JUSSILA H, AUTERE A, et al. Optical waveplates based on birefringence of anisotropic two-dimensional

layered materials[J]. ACS Photonics, 2017, 4(12): 3023-3030.

[5] WEBERM F, STOVER C A, GILBERT L R, et al. Giant birefringent optics in multilayer polymer mirrors[J]. Science,

2000, 287(5462): 2451-2456.

[6] LIL, JINL, ZHOU Y, et al. Filterless polarization-sensitive 2D perovskite narrowband photodetectors[J]. Advanced

Optical Materials, 2019, 7(23): 1900988.

[7] YANG Y, LIU S C, WANG X, et al. Polarization-sensitive ultraviolet photodetection of anisotropic 2D GeS, [J].

Advanced Functional Materials, 2019, 29: 1900411.

[8] NIUS, JOE G, ZHAO H, et al. Giant optical anisotropy in a quasi—one-dimensional crystal[J]. Nature Photonics, 2018,

12(7): 392-396.

[9] BRENNER T M, EGGER D A, KRONIK L, et al. Hybrid organic—inorganic perovskites: low—cost semiconductors with

0352111-7



P/ R 4

[20]

[21]

[22]

[23]

[25]

[26]

[27]

intriguing charge—transport properties[ J]. Nature Reviews Materials, 2016, 1(1): 1-16.
XING G, MATHEWS N, LIM S S, et al. Low—-temperature solution—processed wavelength—tunable perovskites for
lasing[ J]. Nature Materials, 2014, 13(5): 476-480.
TAN Z K, MOGHADDAM R S, LAI M L, et al. Bright light-emitting diodes based on organometal halide perovskite
[J]. Nature Nanotechnology, 2014, 9(9): 687-692.
LIJ, WANG J, MA J, et al. Self-trapped state enabled filterless narrowband photodetections in 2D layered perovskite
single crystals[J]. Nature Communications, 2019, 10(1): 806.
MA J, FANG C, LIANG L, et al. Full-stokes polarimeter based on chiral perovskites with chirality and large optical
anisotropy[J]. Small, 2021, 17(47): 2103855.
LI1J, MA J, CHENG X, et al. Anisotropy of excitons in two—~dimensional perovskite crystals[J]. ACS Nano, 2020, 14
(2):2156-2161.
XIAO M, YANG H, SHEN W, et al. Symmetry-reduction enhanced polarization—sensitive photodetection in core—shell
Sbl,/Sbh,0, van der waals heterostructure[ J]. Small, 2020, 16(7): 1907172.
XIA J, ZHU D, LI X, et al. Epitaxy of layered orthorhombic SnS—-SnS,Se(, ., core=shell heterostructures with anisotropic
photoresponse[ J]. Advanced Functional Materials, 2016, 26(26): 4673-4679.
YANG H, PAN L, WANG X, et al. Mixed—-valence-driven quasi—1D SnIISnIV'S, with highly polarization-sensitive UV~
vis—NIR photoresponse[J]. Advanced Functional Materials, 2019, 29(38): 1904416.
CHENG X, MA J, ZHOU Y, et al. Optical anisotropy of one-dimensional perovskite C,N,H,,Pbl, crystals[J]. Journal of
Physics: Photonics, 2020, 2(1): 014008.
GENG C, XU S, ZHONG H, et al. Aqueous synthesis of methylammonium lead halide perovskite nanocrystals [J].
Angewandte Chemie International Edition, 2018, 57(31): 9650-9654.
WANG J, FANG C, MA J, et al. Aqueous synthesis of low-dimensional lead halide perovskites for room-temperature
circularly polarized light emission and detection[ J]. ACS Nano, 2019, 13(8): 9473-9481.
PENG Y, YAO Y, LI L, et al. White-light emission in a chiral one-dimensional organic - inorganic hybrid perovskite[ J].
Journal of Materials Chemistry C, 2018, 6(22): 6033-6037.
ZHANG Y, YIN J, PARIDA M R, et al. Direct-indirect nature of the bandgap in lead—free perovskite nanocrystals[J].
The Journal of Physical Chemistry Letters, 2017, 8(14): 3173-3177.
ZHOU B, LIANG L, MA J, et al. Thermally assisted rashba splitting and circular photogalvanic effect in aqueously
synthesized 2D dion—jacobson perovskite crystals[J]. Nano Letters, 2021, 21(11): 4584-4591.
MA X, DIROLL B T, CHO W, et al. Anisotropic photoluminescence from isotropic optical transition dipoles in
semiconductor nanoplatelets[ J]. Nano Letters, 2018, 18(8): 4647-4652.
ZHANG Zhaojun, ZHENG Wei, WANG Weiliang, et al. Anisotropic temperature -dependence of optical phonons in
layered Pbl, [J]. Journal of Raman Spectroscopy, 2018, 49(4): 775-779.
YUAN H, LIU X, AFSHINMANESH F, et al. Polarization—sensitive broadband photodetector using a black phosphorus
vertical p—n junction[ J]. Nature Nanotechnology, 2015, 10(8): 707-713.
HERMAN J, KULA P. Design of new super-high birefringent isothiocyanato bistolanes—synthesis and properties [ J].
Liquid Crystals, 2017, 44(1462): 1467.

Optical Anisotropy of One—dimensional Double Chain C;H,,N,Pb,I,
Perovskites (Invited)

WANG Haizhen, CHENG Xue, LIN Tinghao, LI Dehu
(School of Optical and Electronic Information, Huazhong University of Science and Technology,
Wuhan 430074, China)

Abstract: In addition to amplitude, frequency and phase, the polarization states of light can also carry
information and thus will find important applications in imaging, medical detection and optical
communication. Traditionally, the generation and detection of polarized light mainly rely on the
combination of commercial unpolarized light sources and photodetectors with polarizer and wave plate,
which are usually bulky and costly. Therefore, it is urgent to develop alternative strategies to achieve on—
chip compact polarized light source and detector. Optical anisotropy is related to the polarization response of
optoelectronic devices, which is the basis for polarization optical elements such as polarizers, wave plates,
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and phase matching devices. The study on the optical anisotropy is of great significance for polarization—
sensitive photodetectors and light emitting devices. In recent years, perovskites have received extensive
attention due to their prominent optoelectronic properties and potential applications in optoelectronic
devices. In particular, one dimensional perovskites are expect to exhibit large optical anisotropy due to the
crystalline structure anisotropy. Together with the excellent optoelectronic properties of perovskites, we
anticipate that one dimensional perovskites will find promising potential applications in the polarization—
resolved optics. However, its optical anisotropy has been rarely reported. Our previous study has reported
on the optical anisotropy of one—dimensional single chain perovskites, which exhibits a large emission linear
dichroic ratio of 5.5 at room temperature. Nevertheless, this linear dichroic ratio is still not large enough for
certain polarization resolved applications and far smaller than the linear dichroic ratio of the commercial
optical elements. In this end, it is necessary to explore new materials to enhance the optical anisotropy.

According to previous reports, it is possible to further increase the optical anisotropy by reducing the
symmetry of the crystalline structure of a materials. By reducing the symmetry of the crystal structure, the
octahedral structure of perovskites is more prone to distort, which increases the anisotropy of the transition
dipole moment, thus increasing the optical anisotropy. Based on this principle, we design a one
dimensional double chain perovskites, which will have a much lower symmetry compared with one
dimensional one chain perovskites and thus can possibly exhibit a much larger optical anisotropy. The single
crystal of one dimensional double chain perovskite C;H;(N,Pb,l;crystals are synthesized via aqueous
synthesis route. The as—synthesized crystals show needle-like shape with a length of 2~3 mm. X-ray
diffraction pattern reveals the excellent crystal quality and one—dimensional nature of the crystals. Scanning
microscope images show that the crystals have a rather smooth surface, which is beneficial for the
spectroscopic measurement. The photoluminescence (PL) spectra of the as—synthesized crystals suggest
that the spectral profile strongly depends on the excitation laser. Under a 405 nm laser excitation, the PL
spectrum has a strong narrow emission peak at the high energy side and a weak broad emission peak at the
low energy side while the spectrum is dominated by the broad emission peak when excited by a 473 nm
laser. Nevertheless, both of those two emission peak show a linearly increase with the increasing the
excitation power, which can exclude that those emission peaks are from defects or impurities. Together
with previous studies, we assigne those two emission peaks as free exciton emission and self-trapped
exciton emission. Since the broad emission can find important applications in white light emitting devices,
we focus on the optical anisotropy of the broad emission peak hereafter.

The temperature dependent polarization resolved PL studies have been carried out from 78 K to 260 K.
For all temperature range we have investigated, a large optical anisotropy of PL. spectra has been observed.
At 78 K, the linear dichroic ratio can reach about 15.9, which is 7 times larger than that in a one
dimensional single chain perovskite crystals (1.92). This observation confirms our hypothesis that reducing
the symmetry of the crystalline structure of a material can indeed improve the optical anisotropy. The
maximum linear dichroic ratio of our crystals appears at 110 K, which can be as large as 17.4, and also
much larger than the maximum linear dichroic ratio in one dimensional single chain perovskite crystals
(5.5). Finally, we have also extracted the complex dielectric constant, birefringence and dichroism of our
crystals based on the reflection spectra via Kramers—Kronig relation. The birefringence and linear dichroic
ratio reflect the real and imaginary part of complex dielectric constant, which are intrinsic properties of a
materials and originated from the optical anisotropy of a material. The extracted dichroism and birefringence
can reach 1.5 and 1.3, respectively. The birefringence of our crystals is much larger than the highest values
reported in liquid crystals.In summary, the optical anisotropy of one-dimensional double chain perovskite
crystals has been systematically studied, and the optical anisotropy of the crystals is proven to be improved
by reducing the symmetry of crystals. Our study is of great significance for polarization sensitive
optoelectronic devices based on one-dimensional double chain perovskites and shed light on how to further
improve the optical anisotropy via deigning the crystal structure of a material.
Key words: One-dimensional; Double chain perovskites; Optical anisotropy; Dichroism; Birefringence;
Linear dichroic ratio
OCIS Codes: 160.1190; 300.6280; 300.6470; 260.5430
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