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ABSTRACT

Organic inorganic hybrid perovskites have potential applications in solar cells, electroluminescent device,
nanolaser and radiation detection because of their unique optoelectronic properties. In this paper,the perovskite
(C4H9NH3)2PbBrs and (CsHsCH2NH3).PbBrs were synthesized by solvent evaporation. The crystal structure,
morphology, absorption spectrum, laser power dependence ofthe PL intensity and lifetime were studied. The
results show that both two perovskitesare well crystallized and oriented. The absorption peaks are located at 416
nm (2.96 eV) and 392 nm (3.16 eV), the PL peaks are located at 427 nm (2.81 eV) and 415 nm (298 eV)
respectively. The PL intensity increases with increasing laser power, but the lifetime decreases with increasing
laser power, which is mainly due to the non-geminate recombination.

KEYWORDS: organic inorganic hybrid perovskites; two-photon photoluminescence; photoluminescence
lifetime.

1. INTRODUCTION

Organic inorganic hybrid perovskites have received wide attention as the most competitive candidate in
photovoltaic field recently [1-3]. The general chemical formula of the perovskite is ABXs, in which A-sites are
the organic ammonium cations, B-sites are the metal cations, X-sites are the halide anions. The B-site cations
and X-sites anions form [BXs] octahedrons by ionic interaction, which are corner-sharing to constitute three-
dimensional frameworks. The A-site cations are located in the frameworks cavity [4-6]. The two-dimensional
layered perovskites consist of the inorganic octahedrons frameworks sandwiched between the bilayers of
organic component. The excitons in the inorganic layer display special optical properties such as nonlinear
absorption [7] and excitonic emission [8]. The strong exciton peaks in the optical spectra are attributed to the
large exciton binding energy at room temperature [9]. Organic inorganic hybrid perovskites have great potential
applications in solar cells [10-12], electroluminescent devices [13,14], nanolaser [15-17] and
photodetections[18,19].

The conventional photovoltaic requires expensive materials and complex fabrication procedures. Organic
inorganic hybrid perovskites as light harvesters of solar cells has revolutionized the prospects of photovoltaic
technology. In 2009, Miyasaka et al. [20] initially studied the solar cells with the perovskiteCH3zNH3Pbls,
yielding a power conversion efficiency (PCE) of only 3.8%. In 2012, Kawano et al. [21] studied the optical
properties of the perovskites (CioH7CH2NH3),PbBrylax, they found that the near-resonant transition energies
between Wannier and Frenkel excitons increases with an enhancement of iodine. In 2015, Slavney et al. [22]
synthesized double perovskite structure compound Cs;AgBiBrs. It was significantly more heat and moisture
stable compared to the perovskiteCHsNH3Pbls and displayed long carrier recombination lifetime. In 2017, Hu et
al. [23] studied the perovskiteCsPbBrsnanoplateelectroluminescence devices, which displayed a narrow EL peak
centered at 530 nm with a narrow full width at half-maximum of 22 nm. In 2017, Chen et al. [24] prepare the
perovskite (CsHgsNHS3).PbBr,4 by ternary solvent method and studied the effect of the crystallization temperature,
solvent volume ratio on the morphology. In 2018, Luo et al. [25] studied the solar cells with the inverted planar
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heterojunction perovskite, yielding a PCE of 21% due to the elimination of nonradiative charge-carrier
recombination.

The different properties of organic and inorganic components are united in an independent composite. The
inorganic component provides the opportunities for high carrier mobility and a wide range of bandgap. The
organic component offers the possibility of structural diversity and high photoluminescence quantum vyield.
Moreover these properties can be easily modified by changing the organic ammonium, metal or halide [26]. In
this paper, the perovskite (CsHsNH3).PbBrs and (CsHsCH2NH3).PbBr, are synthesized by solvent evaporation.
The laser power effect on the PL intensity and lifetime was investigated with femtosecond laser via the two-
photon excitation.

2. MATERIALS AND METHODS

2.1. Synthesis of organic ammonium salts

Equally volume of HBr was added in the C4HsNH, and CsHsCH2NH> respectively. The mixtures were heated at
50°C and then cooled at room temperature. The organic ammonium salts C4HyNH3Br and CsHsCH2NH3Br were
obtained.

2.2. Synthesis of perovskite crystals

The stoichiometric quantities of organic ammonium salts and PbBr, were dissolved in N,N-dimethylformamide
(DMF) respectively. The mixtures were heated at 50°C and stirred for 1 hour, the perovskite (C4HsNH3).PbBr4
and (CsHsCH2NHSs),PbBrawere prepared by solvent evaporation. The products were washed with ethanol
followed by heat treatment.

2.3. Synthesis of perovskite nanosheets
The perovskite crystals were ground into powders, which were used for XRD measurement. The perovskite
powders were put in aqueous solution, ultrasonically processed, and then centrifuged. After a period of time,
large quantities of perovskite nanosheets were obtained for TEM measurement. The chemical reaction equations
involved in the experiment are as follows:

C,H,NH, +HBr = C,H,NH,Br )
2C,H,NH,Br+PbBr, = (C,H,NH, ),PbBr, @
C,H.CH,NH, + HBr = C,H.CH,NH,Br ®)
2C,H.CH,NH,Br + PbBr, = (C,H.,CH,NH, ), PbBr, @)

2.4. Characterization

The structure was analyzed by X-ray diffraction (Germany Bruker AXS, D8 Advance). The morphology was
observed by transmission electron microscopy (Japan JEOL, JEM-2000). The absorption spectra was measured
with UV-visible spectrometer (America PerkinElmer, Lambda 35). The optical measurements were performed
using a commercial optical microscope system (Japan, Olympus 1X73). A Ti:sapphire oscillator (China Atop
Electronic Technology Co. Ltd., Vitara) was used for two-photon excitation. The laser beam was focused by an
objective (Olympus, NA = 0.65) onto the samples. The reflected signal was collected by the same objective and
then directed into a spectrometer (Andor 193i) for spectral measurement or onto a CCD camera for imaging.
The time correlated single photon count (TCSPC) system consisting of a PicoHarp 300 controller, a PDL 800-B
reference and a SPDA-15 detector is used for the lifetime measurements. The experimental results can be fitted
to a biexponential decay function:

| = Aexp(-t/z)+A exp(-t/z,) (5)

71 and T2 are the radiative and nonradiative decay lifetime respectively. Figure 1 shows the optical path of the
photoluminescence test system used in the experiment, in which Al and A2 are half wave plates; B is polarizer;
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C1 and C2 are low pass filters; M1~M7 and M9~ M11 are reflectors; M8 is reflex; O1 and O2 are objectives;
CCD is charge couple device.
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Figure 1. The experiment optical path of photoluminescence test system
3. RESULTS AND DISCUSSION

3.1. Structure characterization

Figure 2(a) and 2(b) show the crystal structure of the perovskite (C4HsNH3),PbBrs and (C¢HsCH2NH3)PbBra. It
can be observed the two perovskites exhibit the two dimensional layered structures with alternating organic and
inorganic components. The Pb cations and Br anions form [PbBre] octahedrons by ionic interaction, which are
corner-sharing to constitute the frameworks. The organic ammonium cations are located in the cavity of the
[PbBre] octahedrons. The growth directions of the perovskite layers are along the ¢ axis and a axis, respectively.
The lattice parameters of the perovskite (CsHysNH3).PbBrs and (CsHsCH2NH3):PbBr,4 are a=0.822 nm, b=0.833
nm, ¢=2.762 nm and a=3.3394 nm, b=0.8153 nm, ¢=0.8131 nm, which are consistent with reports in the

literature [27,28].
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Figure 2. The crystal structure of the perovskite (a) (CaHasNHz)2PbBr3; (b) (CeHsCH2NH3)2PbBr4. The hydrogen atoms
bonded to the carbon atoms are omitted for clarity.
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Figure 3(a) and 3(b) show the XRD patterns of the perovskite powders (CsHgNH3).PbBr,; and
(CeHsCH2NH3),PbBra. The diffraction peaks of the perovskite (CsHsNHs).PbBr4 are located at 6.42°, 12.85°,
19.33°, 25.87° and 32.5°, which are corresponding to the lattice plane (00X, X=2, 4, 6, 8, ...). The diffraction
peaks of the perovskite (C¢HsCH2NH3).PbBr,4 are located at 6.41°, 10.63°, 15.96°, 21.32°, 26.72°, 32.18° and
37.73°, which are corresponding to the lattice plane (X00, X=2, 4, 6, 8, ...). All the patterns confirm that the two
perovskites are well crystallized and oriented. The interlayer spacing of the perovskites are calculated using the

Bragg formula:
2dsin6=kA ©)

d is the interlayer spacing, 6 is the diffraction degree, k is the diffraction class, A is the wavelength of X-ray. The
interlayer spacing of the two perovskites are 1.42 nm and 1.44 nm respectively according to the formula above.
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Figure 3. The XRD patterns of the perovskite powders (a) (CsHsNH3)2PbBras; (b) (CeHsCH2NH3)2PbBr4

3.2. Morphology characterization
Figure 4(a) shows the bright field TEM images of the perovskite (CsHsNH3)2PbBrsnanosheets. The perovskite

(C4HgNHs)2PbBr.4 displays a layered stacking structure with crystal geometry size of 1.6 um. Figure 4(b) shows
the HR-TEM images of the perovskite (CsHsCH2NH3).PbBrsnanosheets. It shows that the lattice plane has the
spacing distance of 0.277 nm, with the growth direction along [001]. The selected area electron diffraction
(SAED) pattern of the perovskite (CsHgNHSs).PbBrinanosheets is shown in Figure 4(c), indicating the
orthorhombic phase, space group Pbca, with a growth direction along [001]. Figure 4(d) shows the bright field
TEM images of the perovskite (C¢HsCH2NH3)2PbBrsnanosheets. The perovskite (CsHsCH2NHSs).PbBr, displays
a layered stacking structure with crystal geometry size of 800 nm. Figure 4(e) shows the HR-TEM images of the
perovskite (C¢HsCH2NH3),PbBrinanosheets. It shows that the lattice plane has the spacing distance of 0.294
nm, with the growth direction along [100]. The selected area electron diffraction (SAED) pattern of the
perovskite (CsHsCH2NHS3).PbBrsnanosheets is shown in Figure 4(f), indicating the orthorhombic phase, space
group Cmca, with a growth direction along [100].
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Figure 4. (a) The bright field TEM images, (b) HR-TEM images and (c) SAED pattern of the perovskite

(C4HgNHs)2PbBrsnanosheets; (d) the bright field TEM images, (e) HR-TEM images and (f) SAED pattern of the
perovskite (CeHsCH2NHz)2PbBrsnanosheets.

3.3. Absorption spectrum

Figure 5 shows the absorption spectrum of the perovskites (CsHgNHs)PbBrs (red curve) and
(CsHsCH2NH3)2PbBr4 (blue curve).The absorption peaks are located at 416 nm (2.96eV) and 392 nm (3.16eV),
which belong to the typical excitonic absorption peaks. Organic inorganic hybrid perovskites have multiple
quantum well structures with alternating organic and inorganic layer, therefore the excitons possess larger
binding energy and exhibit strong exciton absorption due to quantum confinement effect.
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Figure 5. The absorption spectrum of the perovskite (C4HsNH3)2PbBr4 (red curve) and (CsHsCH2NHz3)2PbBr4 (blue
curve).
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3.4. The laser power effect on the PL intensity

Figure 6(a) and 6(b) show the bright field and dark field optical microscope images of the perovskites
(C4HoNHz3)2PbBrs and (CeHsCH2NHa3).PbBr.. It is possible to observe the regular and transparent crystal
geometry of the two perovskites, which emit blue photoluminescence under the femtosecond laser. Figure 6(c)
and 6(d) show the two-photon PL spectrum of the perovskites (C4sHsNH3)2PbBrs and (CsHsCH2NH3)2PbBra. PL
peaks are located at 427 nm (2.81 eV) and 415 nm (298 eV) respectively [28,29]. When the laser power is set to
40, 60, 70, 80 and 90mW, the PL intensity of the perovskite (CsHsNH3).PbBr,4 are 2320, 5227, 8216, 10390 and
13224 photon counts; while the PL intensity of the perovskite (CeHsCH2NH3),PbBr,4 are 733, 1233, 1407, 1857
and 2195 photon counts. Both the two perovskites display an increasing trend with the enhancement of the laser
power. Moreover the PL intensity of the perovskite (C4sHgNH3).PbBr,4 is higher than (CsHsCH2NH3).PbBr,4 at
the same laser power. The interlayer spacing of the perovskite (CsHsCH2NHs):PbBrs is larger than
(C4HgNHs)2PbBra. The increase of interlayer spacing leads to the reduction of inorganic layer thickness, which
causing the enhancement of exciton binding energy. Therefore the exciton of the perovskite (CsHsNH3),PbBr, is
easier to separate, transfer and recombination.
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Figure 6. The optical microscope images of the perovskite (a) (CsHoNHz)2PbBr4; (b) (CsHsCH2NH3)2PbBra; the two-
photon PL spectrum of the perovskite (c) (C4HoaNH3)2PbBr4; (d) (CsHsCH2NH3s)2PbBra.

3.5. The laser power effect on the PL lifetime

Figure 7(a) and 7(b) show the lifetime of the two-photon PL emission (pumped at 800 nm) from the perovskite
(C4HgNHs)2PbBrs and (CsHsCH2NH3).PbBrs. When the laser power is set to 40, 60, 70, 80 and 90mW, the
perovskite (C4HgNHs3)2,PbBrs exhibits the decay lifetime of 3.02, 2.84, 2.62, 2.51 and 2.29 ns; while the
perovskite (CeHsCH2NH3)PbBr4 exhibits the decay lifetime of 3.02, 2.84, 2.62, 2.51 and 2.29 ns. Both the two
perovskites display a decreasing trend with the enhancement of the laser power. Moreover the PL lifetime of the
perovskite (C4HgNH3)2PbBr. is longer than (CsHsCH2NH3),PbBr, at the same laser power. The absorption and
emission of photon originate from electron transition of inorganic layer rather than organic layer. The interlayer
spacing of the perovskite (C¢HsCH2NH3)2PbBr4 is larger than (CsHgNHS3)2PbBra. The increase of
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interlayer spacing leads to the reduction of inorganic layer thickness, which causing the enhancement of exciton
binding energy. Therefore the exciton of the perovskite (CsHsNHz3)2PbBr, is easier to separate, transfer and
recombination.
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Figure 7. The PL decay profile of the perovskite (a) (CaHsNHz)2PbBr3; (b) (CeHsCH2NH3)2PbBra.

The fluence-dependence of PL intensity and lifetime with laser power can be explained with the energy level
diagram [30-33], which is shown in Figure8. The perovskite molecules will absorb two photons after the 800 nm
laser excitation, promoting the electron transfer from So to S;. Some electrons in S; will return to S, causing the
excitonic emission process. Some other electrons in S;will transfer to ESS through relaxation process. The
relaxation to ESS, or ESS recombination can possess certain non-geminate recombination characteristics. This
emission is a kind of non-geminate recombination, which is the intensity-dependent two-photon absorption
cross-section [34,35]. When laser power increases, more electrons transfer from S; to Sp and S; to ESS. As a
consequence, the carrier density increases and the emission is dominated by non-geminate recombination, which
results in the increase of PL intensity and decrease of lifetime.

Si

relaxation

absorption| emission ESS

emission

¥ Sﬂ

Figure 8. Energy level schemes of the organic inorganic hybrid perovskite. So, ground state; Ss, first excited singlet state;
ESS, electron surface states.

4, CONCLUSION
In this paper, the perovskite (CsHgNH3).PbBr: and (CeHsCH2NHs).PbBrs were synthesized by solvent
evaporation. The crystal structure, morphology, absorption spectrum, laser power dependence of the PL
intensity and lifetime were studied. The results show that the two perovskites are well crystallized and oriented.
The absorption peaks are located at 416 nm (2.96 eV) and 392 nm (3.16 eV), the PL peaks are located at 427 nm
(2.81 eV) and 415 nm (298 eV) respectively. The PL intensity increases with increasing laser power, but the
lifetime decreases with increasing laser power, which is mainly due to the non-geminate recombination. The
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photoluminescence properties of organic inorganic hybrid perovskites can be modified during a wide range,
which display potential applications in optoelectronic field.
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