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a b s t r a c t

Organic-inorganic halide perovskite (OIHP) has attracted tremendous attention due to its potential ap-
plications in optoelectronics such as light emitting device and photodetector. Here, we have grown high
quality CH3NH3PbBrxCl3-x perovskite single crystals and investigated the luminescence mechanism of
these materials. The results indicate that optical properties of CH3NH3PbBrxCl3-x perovskite materials are
strongly depend on the temperature and the dope concentration. Free exciton recombination emission
has dominant contribution to luminescence spectra of materials at orthorhombic structure, as bound
exciton recombination emission to the spectra of materials at cubic structure. Based on temperature-
dependent photoluminescence, the exciton binding energy of CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7
are calculated as about 22.9meV and 27.1meV, respectively.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Organic-inorganic hybrid perovskite (OIHP) CH3NH3PbX3
(X¼Cl�, Br�, or I�) has been considered as the most promising
material for energy conversion applications due to its unique
physical and optical properties. Recently, power conversion effi-
ciency (PCE) of perovskite solar cells reached a record of 23.2% [1]. It
has shown great potential to compete with well-established silicon
solar cells in terms of PCE and cost [2]. In addition, because of its
band gap tunability, high color purity, high photoluminescence (PL)
efficiency, and low cost synthesis methods, OIHP has been gaining
extensive attention for use in other optoelectronic applications
(LEDs, lasers, photodetectors, transistors) [3e6]. OIHP is also
increasingly being used for ionizing radiation detection due to its
strong stopping power, defect-tolerance, large mobility lifetime
(mt) [7e10]. Pure CH3NH3PbCl3, CH3NH3PbBr3 and CH3NH3PbI3
have been synthesized and fabricated as optoelectronic devices to
detect UVeVisible photons or convert UVeVisible photon energy
into electricity. Although single halogen perovskite crystals have
.

been greatly successful, there are some application limitations. To
meet the requirement of various devices, growing high quality
materials with tunable electrical and optical properties has
attracted a lot of attention, and using mixed halide hybrid perov-
skite is a key strategy to overcome most application limitations
[11e13]. H. Wei et al. [14] reported high quality and dopant
compensated CH3NH3PbBr3�xClx perovskite single crystals that
enable to overcome the limitations of device noise and charge
collection. The dopant-compensated CH3NH3PbBr2.94Cl0.06 alloy
has over tenfold improvement on bulk resistivity of 3.6� 109U cm,
which increases the hole mobility to 560 cm2 V�1 s�1 and the
mobilityelifetime product to 1.8� 10�2 cm2 V�1. Therefore, a high-
resolution gamma spectrum (137Cs) has been achieved at room
temperature with low electrical field. Additionally, due to the
introduction of chlorine, the synthetic mixed halide perovskite film
(CH3NH3PbI3-xClx) has higher carrier mobility and much longer
exciton diffusion length [15]. Wu et al. [16] demonstrated a flexible
photodetector array based on CH3NH3PbI3-xClx film with a resolu-
tion of 63.5 dpi for photosensing and imaging. The device possessed
fine photoresponse properties with high on/off current ratio
(1.2� 103) under a light intensity of 38.3mWcm�2, high detectivity
(9.4� 1011 Jones) at a light intensity of 0.033mWcm�2. J. Hieulle
et al. [17] investigated the impact of halide mixing on perovskite
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Fig. 1. XRD pattern of CH3NH3PbBr0.3Cl2.7 and CH3NH3PbCl3 single crystals powder.
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stability. Their results indicated that the incorporation of Cl into
CH3NH3PbBr3 leads to an increase of the decomposition energy,
which makes the perovskite film more stable to external stimuli.
This increase in stability is related to the stronger bond strength of
Cl-Pb than Br-Pb and I-Pb. In addition, they determined the opti-
mum Cl incorporation ratio that could provide higher stability
without substantially changing the band gap of the perovskite
material, pointing out an important direction for the fabrication of
stable perovskite devices. It is obvious that the performance of
OIHP exhibits a large variation after low ratios Cl doping into either
CH3NH3PbBr3 or CH3NH3PbI3 crystals and films.

During the past several years, intensive efforts have been done
on optoelectronics based on CH3NH3PbCl3 SCs, but the perfor-
mances of these devices are still far away from being commercially
used. Br-doped CH3NH3PbCl3 has a great potential to enhance the
performances of these devices. However, the fundamental effects of
Br-doped CH3NH3PbCl3 SC on optical properties remain unresolved.
Furthermore, the outstanding properties of solution-growth OIHP
have also promoted the application developments. Herein, high
quality CH3NH3PbBrxCl3-x perovskite SCs materials have been
synthesized by using solution growth method. The structural
properties of the crystals are characterized by X-ray diffraction
(XRD), and home-made X-ray fluorescence (XRF) measurement.
Optical properties are obtained by UVeVis transmission spec-
trometer and photoluminescence measurement. The temperature-
dependent photoluminescence (PL) properties of CH3NH3PbCl3 and
CH3NH3PbBr0.3Cl2.7 in the range of 10 Ke290 K have been investi-
gated. The phase transition is proved by the peak position and full
width at half maximum (FWHM). The exciton binding energy is also
calculated from the temperature-dependent PL spectra, which is a
critical factor that affects the optical properties of the perovskite
crystals and can be tuned by halogen doping concentration. Our
research helps on understanding the temperature-controlled phase
transition of photoexcited exciton and provides a theory for
selecting the appropriate halide composition and temperature
conditions for optoelectronics.

2. Experimental section

2.1. Materials

All the chemicals were purchased from commercial company
without further purification. Methylamine (CH3NH2, 33wt% in
absolute ethanol), hydrobromic acid (HBr, 48wt% in water), lead
bromide crystalline powder (PbBr2, 99.99%) and lead chloride
crystalline powder (PbCl2, 99.99%) were purchased from Aladdin
Reagent Co. Dimethylsulfoxide (DMSO, anhydrous, �99.0%); N,N-
dimethylformamide (DMF, anhydrous, �99.5%), hydrochloride
acid (HCl, 38wt% in water), diethyl ether (anhydrous, �99.7%) and
ethanol (anhydrous, �99.7%) were purchased from Nanjing
Chemical Reagent Co.

2.2. Crystals growth

Synthesis of MACl powder. A molar ratio of 1.2:1 methylamine
and hydrochloride acid was reacting in 0 �C by using an ice bath.
After reacting for 2.5 h, the solution was evaporated at 60 �C in a
rotary evaporator, and then white MACl powder was obtained. In
order to improve the MACl purity, it was purified for at least three
times with ethanol and diethyl ether. Finally, high purity white
MACl powderwas collected and stored in vacuum atmosphere with
a temperature of 60 �C for 24 h.

Synthesis of CH3NH3PbBrxCl3-x single crystals. High quality
CH3NH3PbBrxCl3-x perovskite SCs were grown with a solution
process based on the inverse temperature crystallization method.
Various molar ratios among CH3NH3Cl, PbCl2 and PbBr2 were dis-
solved into different volume ratios between dimethylsulfoxide and
N-N, by using dimethylformamide as precursor solution. Then the
precursor solutionwas filtered using PTFE filter with 2 mmpore size
and kept in oil bath at temperature of 80 �C. After several days,
CH3NH3PbBrxCl3-x perovskite SCs were harvested from the
solution.

2.3. Characterization

The structural properties of the material were investigated by
powder X-ray diffraction (XRD) and X-ray fluorescence (XRF)
spectroscopy. XRD patterns were obtained by an X-ray diffrac-
tometer (Rigaku Ultima IV diffractometer) using Cu-Ka radiation
(l¼ 0.15406 nm). XRF system consists of an X-ray generator, a sil-
icon drift detector (AMPTEK Inc. Model X-123SDD, America) with
125 eV resolution at 5.9 keV that was coupled to a multichannel
analyzer (AMPTEK Inc. Model DP5, America) and lase finder. The X-
ray tube (Ag anode target) with 7.8 mm beryllium window was
collimated by a 2mm diameter collimator [18]. The optical trans-
mission spectrum was recorded on a Shimadzu UV 2550 spectro-
photometer at room temperature. Low temperature PL spectra
were measured from 10 K to 290 K, and were collected using a
spectrometer (Princeton Instruments SP2500i/SP2300i). During the
measurement, the crystals were loaded into a quartz optical vac-
uum chamber and cooled down by a cryocooler (CRYOMECH
OptistatAC-V12W CP830). A wavelength of 325 nm
heliumeCadmium laser from Kimmon was employed to excite
crystal. The laser power density irradiated on the surface of crystals
was about 320mw/cm2.

3. Results and discussion

Fig. 1 shows the powder X-ray diffraction (XRD) pattern of
CH3NH3PbBr0.3Cl2.7 and CH3NH3PbCl3 powder. Themain XRD peaks
locating at around 15.44�, 21.84�, 31.20� and 34.88� are ascribed to
(100), (110), (200) and (210), respectively. All these peaks indicate
that CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7 perovskite crystals
belong to cubic system with space group Pm3m [19]. According to
Bragg's Law, interplanar spacing d could be calculated with the
following equation:

2d sin q ¼ nl (1)

where d is the interplanar spacing, q is the angle between the
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incident X-ray and the corresponding crystal plane, l is the wave-
length of the X-ray (Cu Ka l¼ 0.1542 nm), and n is the number of
reflections. The lattice parameters can be obtained by:

d ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p (2)

Where h, k, l is the Miller index. The calculated lattice parameter
value of CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7 are 5.743Å and
5.752Å, respectively. These results are consistent with previous
reports [19e22]. The slightly increased lattice parameter after Br
doped into CH3NH3PbCl3 materials is mainly due to the atomic
radius of Br is larger than Cl, which also induced the diffraction
peaks shifting to lower angles. According to Vegard's law, the actual
molar ratio between Br to Cl can be calculated to be about 0.3:2.7
based on the shift of the diffraction peak [14,23].

An X-ray fluorescence (XRF) system has been employed to
measure the actual molar ratio of Br to Cl, as shown in Fig. 2. The
XRF spectra was excited by X-ray tube with Mo target that operated
at 25 kV. The peaks at the energy of 10.55 KeV, 12.61 KeV, and
14.76 KeV are attributed to the signal from La1, Lb1, Lg1 of Pb,
respectively. The other two peaks locating at around 2.62 KeV and
11.88 KeV are ascribed to Ka peak of Cl and Ka2 peak of Br, respec-
tively. The actual molar ratio between Br and Cl is 0.3:2.7, which is
also consistent with the theoretical calculated value from XRD
pattern. The other peaks are come from air or background shielding
materials.

Fig. 3a shows transmission spectra of CH3NH3PbCl3 and
CH3NH3PbBr0.3Cl2.7 single crystals in the range from 350 nm to
600 nm. The crystals exhibit high transparency in the visible range
up to 90% for CH3NH3PbCl3 SCs. The transmission greatly drops to
40%, while Br doped into the pure CH3NH3PbCl3 SCs. In addition,
the sharp cut-off edge shifts to a longer wavelength with the doped
Br. All these phenomena are ascribed to the optical band-gap
change due to doped Br. We calculated the optical band-gap us-
ing Tauc's equation [24]:

ahv ¼ A
�
hv� Eg

�1
2 (3)

where a is the optical absorption coefficient; hv is the energy of the
incident photon; Eg is the optical band gap; and A is an energy-
independent constant. The calculated optical band-gap can be ob-
tained from x-intercept of the line tangent, as shown in Fig. 3b. The
optical band-gap is shifted from 2.93 eV to 3.1 eV, which is ascribed
to Br atom replacing the position of the Cl atom in the crystal
Fig. 2. X-ray fluorescence spectra of CH3NH3PbBr0.3Cl2.7 and CH3NH3PbCl3 single
crystals.
structure. These results are also consistent with previous reports
[25e27].

In order to explore the effect of Br doping into CH3NH3PbCl3 SCs,
we have investigated the temperature-dependent PL spectra of
CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7 SCs perovskites, respectively.
During the measurement, the samples were placed in a vacuum
chamber and excited by a laser with a wavelength of 325 nm. As
shown in Fig. 4a and b, temperature-dependent PL spectra in the
range of 350 nme500 nm between 10 K and 290 K have been ob-
tained. For CH3NH3PbCl3 SCs (Fig. 4a), while the temperature is
lower than 120 K, three typical distinct peaks centered at around
387 nm (labeled peak 1), 400 nm (labeled peak 2) and 415 nm
(labeled peak 3) have been observed. As its a band-to-band direct
semiconductor material, high energy peak 1 is ascribed to free
exciton recombination emission, peak 2 is originated from the near
bound exciton emission, the weak peak 3 is caused by the excitonic
transition [28e32]. Both Peak 1 and 3 are disappeared at around
140 Ke180 K. While for CH3NH3PbBr0.3Cl2.7 perovskite SCs (Fig. 4b),
a single peak is presented. High energy peak 1* is due to free
exciton recombination emission, while the temperature is below
140 K. Low energy peak 2* is ascribed to bound exciton recombi-
nation emission, while temperature is above 140 K. It is worth to be
noticed that both high energy peak (1 and 1*) and low energy peak
(2 and 2*) are existing at the temperature around 140 K, which is
originated from a tetragonal structure [33]. These phenomena
indicate that free exciton recombination emission is mainly
contributed to PL spectra at orthorhombic structure, and bound
exciton recombination emission is the dominated emission at cubic
structure. The similar phenomenon has also been observed from
solution growth organic or inorganic perovskite materials [34].

Furthermore, the emission peak energy and the FWHM of the
two samples at different temperatures are plotted in Fig. 4c, d. The
energy between free exciton recombination emission and bound
recombination emission is about 76meV and 130meV for
CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7, respectively. It is worth
mentioning that electron-phonon interaction could cause PL
emission blue shift, while at the same time, temperature increasing
induced lattice expansion could cause PL emission red shift [35,36].
This typical phenomenon has been observed in lead composite
semiconductors [28,29,37]. The band-gap changes at various tem-
peratures can be estimated according to the following equation
[36e38]:

EgðTÞ ¼ E0 �
aT2

ðT þ bÞ (4)

Where a and b are fitting parameters characteristic of a given
material, T is the temperature. According to this equation, the band-
gap exhibits nonlinear decreasing trend at low temperature. While
at relative high temperature, the decreasing trend tends to be
linear. Interestingly, in Fig. 4c, slightly blue shift peak shifts under
140 k have been observed, mainly due to electron-phonon inter-
action is greater than the effect of lattice expansion and dominates
below 140 K in CH3NH3PbCl3. But the influence of the lattice
expansion exceeds the contribution of the electron-phonon inter-
action above 140 K. Compared to Fig. 4d, peak red shifts in
CH3NH3PbBr0.3Cl2.7 is more pronounced than CH3NH3PbCl3 as the
temperature increases, which may be attributed to the reduced
bond energy in the lattice structure after Br doping into
CH3NH3PbCl3 SCs, so the lattice expansion is more sensitive to
temperature changes. As a result, the final PL emission shift is
balanced by the lattice expansion and the electron-phonon inter-
action, which varies at different temperature [39,40].

Since the orthorhombic phase is stable between 10 and 140 K for
CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7, the exciton binding energy



Fig. 3. (a) Optical transmission spectra of CH3NH3PbBr0.3Cl2.7 and CH3NH3PbCl3 single crystals; (b) calculated optical band-gap of CH3NH3PbBr0.3Cl2.7 and CH3NH3PbCl3 single
crystals.

Fig. 4. (a, b) Temperature-dependent photoluminescence spectra, (c) and (d) Positions and FWHM of the labeled peaks, shown as a curve of temperature.

Fig. 5. (a,b) Temperature dependent data of integrated intensity of CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7 single crystals, respectively. The solid lines are fittings.
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can be calculated from the temperature-dependent PL spectra, as
shown in Fig. 5a and b. The relationship between light emission
intensity and temperature is as follows [41e43]:

IðTÞ ¼ I0
1þ Ae�EB∕kBT

(5)

where I (T) is the PL intensity, T is temperature, I0 is the PL intensity
at 0 K, EB the exciton binding energy, and kB the Boltzmann con-
stant, and A is a fitting parameter. The fitted exciton binding energy
of CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7 crystals are 22.9meV and
27.1meV, respectively. The results indicate that Br doped
CH3NH3PbCl3 materials are expected to increase the value of exci-
tion binding energy. Unlike previously reported, the exciton bind-
ing energy value of CH3NH3PbCl3 material is about 40meV [44].
This is because the exciton characteristics of hybrid perovskites are
correlated with the synthesis, composition and structure details
[43].

4. Conclusions

In this article, we have grown high quality CH3NH3PbCl3 and
CH3NH3PbBr0.3Cl2.7 single crystals and investigated their structural
and optical properties. XRD and XRF data demonstrated the crystal
structure and the Br dopant concentration of the materials.
Temperature-dependent PL spectra not only reveal the light emis-
sion properties from the orthorhombic-tetragonal-cubic phase
transition, but also demonstrate free exciton recombination emis-
sion is mainly contributed to PL spectra at orthorhombic structure,
and bound exciton recombination emission is the dominated
emission at cubic structure. The calculated exciton binding energy
of CH3NH3PbCl3 and CH3NH3PbBr0.3Cl2.7 crystals are about
22.9meV and 27.1meV, respectively. These results reveal the
fundamental mechanism of light emission for CH3NH3PbCl3 and
CH3NH3PbBr0.3Cl2.7, and promote their future applications in op-
toelectronic devices.
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