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Abstract: Organic inorganic hybrid perovskites have potential applications in solar cells,
electroluminescent devices and radiation detection because of their unique optoelectronic properties.
In this paper, the perovskites (C¢H5CH;NHj3),PbBry and (C¢HsCH;NH3),Pbly were synthesized
by solvent evaporation. The crystal structure, morphology, absorption spectrum, laser power
dependence of the photoluminescence (PL) intensity and lifetime were studied. The results showed
that the perovskites (C¢HsCH;NH3),PbBry and (C¢HsCH;NH3),Pbly display a layered stacking
structure of organic and inorganic components. The absorption peaks are located at 392 nm (3.16 eV)
and 516 nm (2.40 eV), respectively. It was observed that the PL intensity and photoluminescence
quantum yield (PLQY) increases with increasing laser power, and that the PL lifetime decreases with
increasing laser power, which is mainly due to the non-geminate recombination.

Keywords: perovskites; two-photon excitation; photoluminescence spectrum; photoluminescence
lifetime

1. Introduction

In recent years, organic inorganic hybrid perovskites have received wide attention and
investigation as the most competitive candidates in photovoltaic field development. Organic inorganic
hybrid perovskites are a new subclass of material self-assembled at the molecular scale from organic
and inorganic components [1-3]. The crystal structure of a perovskite can be described with
the chemical formula ABX3, in which A-sites are the organic ammonium cations, B-sites are the
inorganic metal cations, and X-sites are the halide anions. The B-site cation is six-coordinated by
the X-site anion to form [BX¢] octahedrons, which are corner-sharing to constitute three-dimensional
frameworks [4,5]. These compounds have multiple quantum well structures with alternating organic
and inorganic layers [6]. In these compounds, the excitons possess larger binding energy due to
quantum confinement effects, which displays excellent optical properties such as second harmonic
generation, exciton absorption and emission [7-11]. These properties make organic inorganic hybrid
perovskites great candidates for applications in solar cells [12], electroluminescent devices [13-15] and
radiation detection [16].

The perovskite solar cells with all solid state structure can prevent the problems from the
liquid electrolyte and exhibit high power conversion efficiency (PCE), displaying great potential
in photovoltaic devices. In 2009, Miyasaka et al. [17] firstly studied the solar cells with the perovskite
CH3NH;3Pbl;, yielding a PCE of 3.8% due to the lower open voltage. In 2011, Zheng et al. [18]
synthesized a series of the perovskites (C¢H13NH3)2(CH3NH3),—1Pbnlsny1, and investigated the effects

Appl. Sci. 2018, 8, 2286; d0i:10.3390/app8112286 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/8/11/2286?type=check_update&version=1
http://dx.doi.org/10.3390/app8112286
http://www.mdpi.com/journal/applsci

Appl. Sci. 2018, 8, 2286 20f11

of the inorganic-sheet number on the crystal structure, bandgap energy, exciton binding energy and
photoluminescent emission. In 2013, Stoumpos et al. [19] synthesized several perovskites CH3NH35nlI3,
HC(NH,),Snl3, CH3NH;3Pbl;, HC(NH,),Pblz and CH3NH3Sn; _,PbxIs, and studied the structure,
morphology, phase transition and photoluminescence. In 2014, Kawano et al. [6] prepared three
perovskites (C4HoNH3),PbBry, (CeHsCHyNH3),PbBry and (CoHsCoHyNH3),PbBry, investigating the
effects of organic moieties on luminescence properties of perovskite compounds. In 2015, Qin et al. [13]
studied the performance of light-emitting diodes based on perovskite CH3NH;3PbBrs, and a high
luminance up to 1500 c¢d/ m? was achieved. In 2018, Luo et al. [20] studied solar cells with the inverted
planar heterojunction perovskite, yielding a PCE of 21% due to the elimination of nonradiative
charge-carrier recombination. Droseros et al. [21] studied the photoluminescence of the perovskite
CH;3NH;3PbBr3, discovering the photoluminescence quantum yield (PLQY) increased with decreasing
crystal size and explained the phenomenon.

Organic inorganic hybrid perovskites combine distinct properties of organic and inorganic
components within a single molecular composite. The inorganic component forms the octahedral
framework by ionic bonds, to provide good conductivity and carrier mobility. The organic component
facilitates the self-assembly, enabling the materials to be deposited using a simple way. These properties
can be easily controlled by changing the organic ammonium, inorganic metal or halide [22]. Research on
perovskites is now focusing on solar cells and light-emitting diodes, however reports on the
photoluminescent properties of the perovskites with the two-photon excitation are rarely seen. In this
paper, the perovskites (C¢H5CH,NH3),PbBry and (C¢HsCH;NHj3),Pbly are synthesized by solvent
evaporation. The laser power effect on the photoluminescence (PL) intensity and lifetime was
investigated with femtosecond laser via the two-photon excitation.

2. Experimental Section

2.1. Synthesis of Organic Ammonium Salt

HBr and HI were added in the C¢H5CH;NH,; solution respectively. The mixtures were heated at
50 °C and cooled at room temperature. CsH5CH,NH;3Br and CgHsCH;NH;3I were obtained and then
heat treated.

2.2. Synthesis of Perovskite Crystal

C¢HsCHy;NH3Br and PbBrp,, CgHsCH,NH3l and Pbl, were then dissolved in
N,N-dimethylformamide (DMF) in a molar ratio of 2:1 respectively. The mixtures were heated at
50 °C and stirred for 1 h, then the perovskites (CsH5CH,NH3),PbBry and (C¢HsCH;NHj3),Pbly were
prepared by solvent evaporation. The products were washed with ethanol followed by heat treatment.

2.3. Synthesis of Perovskite Nanosheet

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¢H5CH,NH; 4+ HBr = C¢H5CH,;NH3Br 1)
2C¢HsCH,NH;Br + PbBr, = (C¢HsCH,NH3),PbBry @)
CgHsCH,NH, + HI = C¢H5CH,NH;31 (3)

2C¢H5CH,NH;3I 4 Pbl, = (C 6H5CH2NH3)2PbI4 4)
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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) and
scanning electron microscopy (Holland FEI, SEM 450). The absorption spectra were measured
with UV-visible spectrometer (America PerkinElmer, Lambda 35). The optical measurements were
performed using a commercial optical microscope system (Japan, Olympus IX73). A Tiisapphire
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
was used for the lifetime measurements. Figure 1 shows the optical path of the photoluminescence test
system used in the experiment.
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Figure 1. The experiment optical path of photoluminescence test system. PZT, piezoelectric ceramic
transducer; O, objective; A, half-wave plate; B, polarizer; C, low pass filter; M, reflector; CCD,
charge couple device; S, spectrometer; PMT, photomultiplier tube.

The experimental results can be fitted to a biexponential decay function:
I=Ajexp(—t/Tq)+Arexp(—t/T,) (5)
where 11 and T, are the radiative and nonradiative decay lifetime, respectively.
3. Results and Discussion

3.1. Structure Characterization

Figure 2a,b shows the crystal structure of the perovskites (C¢HsCH;NH3),PbBry and
(C¢H5CH,;NHj3),Pbly. The Pb atoms are six-coordinated by the halogen to form [PbX¢] octahedrons,
which are corner-sharing to constitute three-dimensional frameworks. It can be observed that the
perovskites (C¢H5CH;NH3),PbBry and (CsH5CH;NH3),Pbly exhibit the structure with alternating
organic and inorganic layers. The growth directions of the layers are along the a axis and b axis,
respectively. The lattice parameters of the perovskite (C¢HsCHyNH3),PbBry and (CoHs CH,NH3),Pbly
are a = 3.3394 nm, b = 0.8153 nm, ¢ = 0.8131 nm and a = 0.8689 nm, b = 2.878 nm, ¢ = 0.9162 nm,
which are consistent with reports in the literature [23].
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Figure 2. The crystal structure of the perovskites (a) (CsH5CH;NH3),PbBry; (b) (CsHsCHpNHj3),Pbly.
The hydrogen atoms bonded to the carbon atoms are omitted for clarity.

Figure 3a,b shows the XRD patterns of the perovskite powders (C¢H5CH;NH;3),PbBry and
(C¢HsCH,NH3),Pbly. The diffraction peaks of the perovskite (C¢H5CH,NH3),PbBry are located at
6.41°,10.63°, 15.96°, 21.32°, 26.72°, 32.18° and 37.73°, which correspond to the lattice plane (X00, X = 2,
4,6,8, ... ). The diffraction peaks of the perovskite (C¢H5CH;NH;3),Pbly are located at 6.14°, 12.29°,
18.48°, 24.73°, 31.05° and 37.47°, which are correspond to the lattice plane (0X0, X=2,4,6,8, ... ).
The calculated interlayer spacing of the perovskites (CsH5CH,NH3),PbBry and (CsH5CH;NH;3),Pbly
are 1.44 nm and 1.68 nm, respectively, using the Bragg formula: 2dsin® = nA. The experimental
XRD patterns of the perovskites (C¢Hs CH;NH3),PbBry and (C¢HsCH,NH3),Pbly are consistent with
calculated values, confirming there is no tri-halide perovskite or PbX, phase [23]. All the patterns
confirmed that the perovskites (C¢HsCH;NH3),PbBry and (C¢HsCH;NHj3),Pbly are well crystallized

and oriented.
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Figure 3. The XRD patterns of the perovskite powders (a) (C¢Hs5CH;NHj3),PbBry;
(b) (C¢H5CH,NH3),Pbly.

3.2. Morphology Characterization

Figure 4ab shows the SEM images of the perovskites (C¢HsCH,NH3),PbBry and
(CeHsCHNH3),Pbly. The perovskite (CsHsCHyNH3),PbBry exhibits a layered stacking structure
with grain size of 1-5 um, and the perovskite (CsH5CH,;NH3),Pbl, also exhibits a layered stacking
structure with grain size of 2-8 um. SEM images of the perovskites (C4¢HsCH,;NHj3),PbBry and
(C¢Hs5CH,NH3),Pbly are consistent with those observed in the bright field TEM images.
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Figure 4. SEM images of the perovskites (a) (CgH5CHyNH3),PbBry; (b) (CoHsCHyNH;3),Pbly.

Figure 5a shows the bright field TEM images of the perovskite (C¢HsCH;NH3),PbBry nanosheets.
The perovskite (C¢H5CH,;NHj3),PbBry displays a layered stacking structure with crystal geometry
size of 600 nm. Figure 5b shows the HR-TEM images of the perovskite (C¢HsCH,NHj3),PbBry
nanosheets. 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
(C¢H5CH,NHj3),PbBry nanosheets is shown in Figure 5¢, indicating the orthorhombic phase,
space group Cmca, with a growth direction along [100]. Figure 5d shows the bright field TEM
images of the perovskite (CgHsCH;NH3),Pbly nanosheets. The perovskite (CoHs CH;NH3),Pbly
displays a layered stacking structure with crystal geometry size of 1um. Figure 5e shows the HR-TEM
images of the perovskite (C¢HsCH;NHj3),Pbly nanosheets. It shows that the lattice plane has the
spacing distance of 0.357 nm, with the growth direction along [010]. The SAED pattern of the perovskite
(C¢H5CH;NH3),Pbly nanosheets is shown in Figure 5f, indicating the orthorhombic phase, space group
Pbca, with a growth direction along [010].

0.357nm

Figure 5. (a) The bright field TEM images, (b) HR-TEM images and (c) Selected area electron diffraction
(SAED) pattern of the perovskite (C¢HsCH;NH;3),PbBry nanosheets; (d) the bright field TEM images,
(e) HR-TEM images and (f) SAED pattern of the perovskite (C¢H5CH;NHj3), Pbl; nanosheets.
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3.3. Absorption Spectrum

Figure 6 shows the absorption spectrum of the perovskites (Cg HsCHpNH3),PbBry (red curve) and
(CeHsCH,NH3),Pbly (blue curve). The absorption peaks are located at 392 nm (3.16 eV) and 516 nm
(2.40 eV), which belong to the typical exciton absorption peaks. Organic inorganic hybrid perovskites
have multiple quantum well structures with alternating organic and inorganic layers, therefore the
excitons possess larger binding energy, and it is easy to generate exciton absorption due to quantum
confinement effects.
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Figure 6. The absorption spectra of the perovskites (C¢H5CH;NH3),PbBry (red curve) and
(C6H5CH2NH3)2PbI4 (blue curve).

3.4. The Laser Power Effect on the PL Intensity

Figure 7a,b shows the bright field and dark field optical microscope images of the perovskites
(CeH5CHyNH3),PbBry and (CoHs CH;NH3),Pbly. It is possible to observe the regular and transparent
crystal geometry of the perovskites (C¢HsCH;NH3),PbBry and (C¢HsCH;NH3),Pbly, which emit blue
and green photoluminescence under the 800 nm femtosecond laser. Figure 7c,d shows the two-photon
PL spectrum of the perovskites (C¢HsCH;NH3),PbBry and (CgHsCH,NH;3),Pbly. PL peaks are
located at 415 nm (298 eV) and 540 nm (2.30 eV) respectively. PL intensity of the perovskite
(C¢HsCH,NH3),PbBry increases from 117 photon counts to 2195 photon counts when laser power
increases from 10 mW to 100 mW. In contrast, PL intensity of the perovskite (CoHs CH;NH3),Pbly
increases from 158 photon counts to 2771 photon counts when laser power increases from 10 mW to
100 mW.

Figure 8 shows the laser power dependence of the PL intensity of the perovskites
(C¢H5CH,NH3),PbBry (red curve) and (CgH5CH,NH3),Pbly (blue curve). It can be observed the PL
intensity increases with increasing laser power. PL intensity of the perovskite (C¢HsCH,;NH3),PbBry
is less than that of the perovskite (C¢HsCH,;NH3),Pbly at the same laser power. The radius of a Br
atom is less than that of an I atom, and the lattice volume of (C4HsCH>NH3),PbBry is less than that
of (C¢HsCH,NH3),Pbly. Therefore the perovskite (CoHsCHyNH3),Pbly has a larger Bohr radius and
smaller exciton binding energy, so the excitons of the perovskite (C¢HsCH;NH3),Pbly will more easily
separate and produce radiative recombination.
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Figure 7. The bright field and dark field optical microscope images of the perovskites (a)
(C¢HsCH,NH3),PbBry; (b) (C¢HsCH;NH3),Pbly; the two-photon PL spectrum of the perovskites
(C) (C6H5CH2NH3)2PbBI‘4,‘ (d) (C6H5CH2NH3)2PbI4.
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Figure 8. Laser power dependence of the photoluminescence (PL) intensity of the perovskites
(C¢H5CH,NH3),PbBry (red curve) and (C¢H5CH>NH3),Pbly (blue curve).

3.5. The Laser Power Effect on the PL Lifetime

Figure 9ab shows the PL lifetime of the perovskites (C¢HsCH,NH3),PbBry and
(C¢HsCHNH3),Pbly.  PL lifetime of the perovskite (C¢HsCH;NH3),PbBry decreases from
0.75 ns to 0.50 ns when laser power increases from 10 mW to 100 mW. In contrast, PL lifetime of the
perovskite (C¢HsCH,NHj3),Pbly decreases from 0.67 ns to 0.46 ns when laser power increases from
10 mW to 100 mW. Figure 9¢c shows the laser power dependence of the PL intensity of the perovskites
(C¢HsCH,NH3),PbBry (red curve) and (C¢HsCH,NHj3),Pbly (blue curve). It can be observed that the
PL lifetime decreases with increasing laser power. PL lifetime of the perovskite (C¢HsCH;NH3),PbBry
is larger than that of the perovskite (C¢HsCH,NH3),Pbly at the same laser power. The internal
quantum efficiency [6] is calculated as:

Q= an/(Tr+an) (6)
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where 1, and T, are the radiative and nonradiative decay lifetime respectively. According to
Equation (6), the internal quantum efficiency of the perovskite (C¢H5CH;NHj3),PbBry varies from

81.48% to 90.91%, and the internal quantum efficiency of the perovskite (C¢H5CH,;NH3),Pbly varies
from 83.55% to 91.28%.
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Figure 9. The PL lifetime of the perovskites (a) (C¢H5CH;NH3),PbBry; (b) (C4HsCH,NHj3),Pbly;
(c) laser power dependence of the PL lifetime of the perovskites (C¢HsCH,;NH;3),PbBry (red curve)
and (C¢gHsCH,NHj3),Pbly (blue curve).

The fluence-dependence of PL intensity and lifetime with laser power can be explained with the
energy level diagram [24-26], which is shown in Figure 10. The perovskite molecules will absorb two
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photons after the 800 nm laser excitation, promoting the electron transfer from VB to CB. Some electrons
in CB will return to VB and produce exciton emission. Meanwhile, some electrons in CB will move
to ESS by relaxation. 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 [27]. When laser power increases,
more electrons transfer from VB to CB, and move to ESS by relaxation after absorbing two photons.
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.
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Figure 10. Energy level diagram of the perovskite molecule. VB, valence band; CB, conduction band;
ESS, electron surface states.

4. Conclusions

In this paper, we prepared the perovskites (C¢H;CHy;NH;3),PbBry and (C¢H5CH;NH3),Pbly
via solvent evaporation. The perovskites (C¢HsCH;NH3),PbBry and (C¢H5CH,NHj3),Pbly were
well crystallized and oriented, and exhibited the layered structures with alternating organic and
inorganic components. The absorption peaks were located at 392 nm (3.16 eV) and 516 nm (2.40 eV)
respectively. PL intensity of the perovskite (C¢H5CH;NH3),PbBr, increased from 117 photon counts
to 2195 photon counts, PLQY varied from 81.48% to 90.91%, and lifetime decreased from 0.75 ns to
0.50 ns when laser power increased from 10 mW to 100 mW. In contrast, PL intensity of the perovskite
(C¢HsCH,NH3),Pbly increased from 158 photon counts to 2771 photon counts, PLQY varied from
83.55% to 91.28%, and lifetime decreased from 0.67 ns to 0.46 ns when laser power increased from
10 mW to 100 mW. The fluence-dependence of PL intensity and lifetime with laser power is mainly due
to the non-geminate recombination. The photoluminescence properties of organic inorganic hybrid
perovskites can be tuned to a wide range, which has important applications in the optoelectronic field.
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