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Temperature-dependent photoluminescence on organic inorganic
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Temperature-dependent photoluminescence characteristics of organic-inorganic halide perovskite CH3NH3PbI3−xClx
films prepared using a two-step method on ZnO/FTO substrates were investigated. Surface morphology and absorp-
tion characteristics of the films were also studied. Scanning electron microscopy revealed large crystals and substrate
coverage. The orthorhombic-to-tetragonal phase transition temperature was ∼ 140 K. The films’ exciton binding en-
ergy was 77.6± 10.9 meV and the energy of optical phonons was 38.8± 2.5 meV. These results suggest that perovskite
CH3NH3PbI3−xClx films have excellent optoelectronic characteristics which further suggests their potential usage in per-
ovskitebased optoelectronic devices.
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1. Introduction
Recently, organometal halide perovskite ABX3 (A =

organic cation, B = metal cation, X = halogen anion) materi-
als have gained popularity in the field of photoelectrics, owing
to their remarkable characteristics.[1–7] Perovskite has a tun-
able direct bandgap in the visible to the infrared range (390–
790 nm).[1] The transport characteristics of both electron and
hole carriers in this material are excellent.[2] In addition, per-
ovskite exhibits high photoelectric conversion efficiency and
high luminescence efficiency.[3] Perovskite-based solar cells
are promising owing to a rapid increase in their power con-
version efficiency (PCE) which increased from 3.8% to 20.1%
in the last six years.[8–10] Perovskite-based lightemitting de-
vices (LEDs), field effect transistors, and photodetectors with
good performance have been reported.[11–13] Undoubtedly,
organometal halide perovskites are among the most promis-
ing photoelectric materials. However, despite this promise,
some fundamental issues still need to be addressed. For exam-
ple, insufficient information is available about the role of or-
ganic cations in hybrid halide perovskites and about the mech-
anism underlying their high PCE. In addition, temperature de-
pendence of photoactivated excitons remains poorly charac-
terised. This makes it necessary to investigate the cryogenic
photoluminescence characteristics of these materials.

As a third generation semiconductor, ZnO is a very stable
material with good photoelectric characteristics.[14] It can be
used as the electron transport layer in solar cells. In particu-
lar, one-dimensional ZnO nanorods have an excellent electron
transport capability.[4,5,15,16]

In this study, temperature-dependent PL measurements of
lead halide perovskites CH3NH3PbI3−xClx on ZnO nanorods
prepared using a two-step method were performed to deter-
mine the cryogenic photoluminescence characteristics and ex-
citon binding energy of these materials, which should be use-
ful for fabrication of future devices.

2. Experiments
The perovskite CH3NH3PbI3−xClx samples were pre-

pared using a two-step method. First, substrates were cleaned
ultrasonically with a sequence of methylbenzene, acetone and
alcohol. PbCl2 (99.999% pure obtained from Sigma Aldrich)
was deposited on the ZnO/FTO substrates (FTO: Fdoped SnO2

conducting glass) using thermal evaporation. The evapora-
tion rate was 0.1 nm/s and the film thickness was monitored
using a TDM-200 film monitor. Subsequently, the precursor
films were dipped into a solution of organo-ammonium halide
CH3NH3I (MAI), with 8 mg/ml of isopropanol (IPA). After
the reaction between PbCl2 and MAI for 60 min, excess MAI
was gently rinsed by IPA. Finally, the perovskite films were
annealed at 90 ◦C for 30 min on a hot plate.

ZnO nanorods were prepared on FTO substrates under
an optimised condition using metal-organic chemical vapour
deposition (MOCVD) with diethylzinc (DEZn) and ultrahigh
purity oxygen as the precursors. The deposition details were
reported in our previous paper.[17] The FTO substrates were
cleaned with acetone, ethanol and deionized water in this se-
quence at room temperature.

The morphology of the obtained perovskite
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CH3NH3PbI3−xClx samples was characterized by scanning
electron microscopy (SEM) using a Jeol-7500F microscope.
Photoluminescence (PL) spectra were acquired using a
HORIBA iHR550 monochromator/spectrograph. Absorp-
tion spectra were obtained using a Shimadzu UV-VIS-NIR
spectrophotometer UV-3600. A continuous 325 nm wave-
length He–Cd laser from Kimmon was used as the excita-
tion source. The laser power density on the film surface was
∼ 1000 mW/cm2. Temperature-dependent photoluminescence
measurements were performed for temperatures in the 10–
300 K range. All other measurements were performed at room
temperature.

sample substrate

PbCl2 powder

MAI/IPA

PbCl2/sample substrate 

Fig. 1. (color online) Schematic of the synthesis of the perovskite
CH3NH3PbI3−xClx samples using a two-step method.

3. Results and discussion

Figure 2(a) shows ZnO nanorods on a FTO substrate. The
diameters of the nanorods were in the 100–300 nm. This
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Fig. 2. (a) Top view of the surface morphology of the ZnO nanorods de-
posited on the FTO substrates. (b) Top view of the surface morphology
of the perovskite CH3NH3PbI3−xClx film deposited on the ZnO layer.
The inset shows a CH3NH3PbI3−xClx rod on the perovskite film.

morphology was typical for ZnO nanorods grown on FTO sub-
strates using MOCVD. Figure 2(b) shows the surface mor-
phology of a perovskite CH3NH3PbI3−xClx film deposited on
a ZnO/FTO substrate. The coverage of the substrate layer is
high and the crystal grains are very large. The morphology ob-
tained using the two-step method was similar to that obtained
previously.[18–20] As can be seen from the inset of Fig. 2(b),
there are nanorods on the ZnO substrate. This film-nanorods
structure can affect the photoelectric behaviour, which will be
discussed later.

Figure 3(a) shows the PL spectrum of CH3NH3PbI3−xClx
at room temperature. The peak is centred at ∼ 772 nm with
a full width at half maximum (FWHM) of 42 nm. The peak
intensity is higher than that for the perovskite films prepared
using a onestep method since both the film-nanorods structure
and the large substrate coverage contribute to increasing the
photon extraction efficiency. The absorption spectrum shows
that the onset occurs at ∼ 780 nm, consistent with previous
reports.[13,21,22]
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Fig. 3. (color online) (a) The PL spectrum of CH3NH3PbI3−xClx at
room temperature, with the peak at 772 nm. (b) The absorption spec-
trum of CH3NH3PbI3−xClx at room temperature, with the onset position
at ∼ 780 nm.

To investigate the exciton binding energy and other pho-
toluminescence characteristics, cryogenic PL measurements
(10–300 K) were performed. Figure 4(a) shows that the PL

017802-2



Chin. Phys. B Vol. 26, No. 1 (2017) 017802

intensity varies with the measurement temperature. The spec-
tra are complicated and can be categorised into three groups
based on their features. Figure 4(b) shows the normalized PL
intensities of CH3NH3PbI3−xClx for temperatures in the 10–
60 K range. These spectra have two peaks, which blue shift
with an increase in the temperature. During the process, the
relative intensity of the peaks on the right gradually increases.
It has been proven that organic–inorganic metal halide per-
ovskite is in the orthorhombic phase at low temperatures.[23]

After fitting, the spectra were actually found to contain three
peaks (1.53 eV, 1.58 eV, and 1.66 eV at 10 K), as shown
in Fig. 5(a). Figure 4(c) shows how the normalized PL in-
tensity of CH3NH3PbI3−xClx changes as the temperature in-
creases from 60 K to 140 K. The lower-energy peak gradually
moves rightward, with the FWHM decreasing from 115 meV
to 43 meV. Meanwhile, a red shift occurs while the right peak
remains at ∼ 1.66 eV. The relative intensity of the right peak
gradually decreases until the peak vanishes.
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Fig. 4. (color online) (a) Temperature-dependent PL spectra of CH3NH3PbI3−xClx, for temperatures in the 10–300 K range. (b) Normalized
PL spectra for temperatures in the 10–60 K range. (c) Normalized PL spectra for temperatures in the 60–150 K range. (d) Normalized PL
spectra, for temperatures in the 150–300 K range.

To explain these phenomena, we decomposed the spec-
tra by fitting the peaks, and found that the spectra contained
three peaks (peak 1, peak 2 and peak 3), as shown in Fig. 5. In
general, the structural transition from the orthorhombic phase
to the tetragonal phase involved two peaks. However, as is
well known, the characteristics can be influenced by many fac-
tors, for example the preparation method and the characterisa-
tion conditions. CH3NH3PbI3−xClx is an organic–inorganic
hybrid material, in which the organic and the inorganic parts
are linked by hydrogen bonds. We speculate that tempera-
ture variation changed the bounds in our samples. The inter-
action between the organic and inorganic parts changed the
hybrid band structure, which might have led to the appearance
of peak 1. Peaks 2 and 3 reflect the structural transition from
the orthorhombic phase to the tetragonal phase. Peak 2 is due
to the luminescence in the tetragonal phase while peak 3 is

due to the luminescence in the orthorhombic phase. As the
temperature increases from 60 K to 140 K, the intensity of
peak 1 slowly decreases while that of peak 2 increases. How-
ever, both peaks shift by ∼ 1.56 eV. This explains why the
lower-energy peak in Fig. 4(c) exhibits a red shift. The peak
at ∼ 1.66 eV becomes broader and weaker as the temperature
increases from 10 K to 140 K. We speculate that during the
process, the unit cell volume expands increasing the crystal
strain as the temperature increases thus increasing the exciton-
phonon interaction, which results in the peak broadening. At
140 K, only one peak remains; thus, CH3NH3PbI3−xClx is
officially transformed from the lowtemperature orthorhombic
phase into the high-temperature tetragonal phase, consistent
with other reports.[24–26]

Figure 4(d) shows the normalized PL spectra for tem-
peratures in the 150–300 K range. For temperatures above
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140 K, the peak moves toward higher energies, with a steady
tetragonal phase. It is believed that when the temperature in-
creases, the vibration energy of atoms increases, therefore in-
creasing the interatomic distance. When the interatomic dis-
tance increases, the potential energy of electrons decreases
which can decrease the width of the bandgap. However, in

this process, as the interatomic distance increases, the overlap
between electron clouds decreases, which can narrow the en-
ergy band and increase the band gap. Clearly, the latter mech-
anism plays a more important part in the temperaturedepen-
dent process which is similar to what occurs in some lead salt
semiconductors.[27]

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

P
L
 i
n
te

n
si

ty
P
L
 i
n
te

n
si

ty
P
L
 i
n
te

n
si

ty

10 K observed
accumulated
peak 1
peak 2
peak 3

(c)

(b)
60 K observed
accumulated
peak 1
peak 2
peak 3

(a)

90 K observed
accumulated
peak 1
peak 2
peak 3

(d) 100 K observed
accumulated
peak 1
peak 2
peak 3

(e) 120 K observed
accumulated
peak 2
peak 3

Photon energy/eV 

(f)

Photon energy/eV 

140 K observed
accumulated
peak 2

Fig. 5. (color online) Evolution of the three peaks that make up the main two original peaks, for temperatures in the 10–140 K range
((a)–(f)). Peaks 1, 2, 3 were obtained by peak fitting.

For these conditions, we calculated typical physical pa-
rameters, such as the exciton binding energy, to study the tem-
perature dependence of the luminescence of perovskite films,
which is shown in Fig. 6(a).

As is well known, the relationship between the integrated
PL intensity and temperature can be described by the follow-
ing Arrhenius equation:

I =
I0

1+Ae−EB/kBT , (1)

in which I0 is the integrated PL intensity at 0 K, kB is the Boltz-
mann constant (8.617×10−5 eV/K), EB is the exciton binding
energy, A is the fitting constant, and T represents the measure-
ment temperature.

Using this method, the exciton energy was calculated
as 77.6± 10.9 meV, which is a little higher than previously
reported values for solution-processed perovskites.[26,28] Ac-
cording to Tom Wu et al., this may be owing to the doping of
Cl atoms which can contribute to hindering the separation of
excitons and increasing the exciton binding energy.[28] This

suggests that our preparation method of CH3NH3PbI3−xClx
may yield significant Cl doping.

The broadening of these PL peaks can be described using
the boson model,

Γ (T ) = Γ0 +σT +
Γop

e−}ωop/kBT−1
(2)

in which Γ0 is the inhomogeneous broadening term, and σ and
Γop capture the interactions of excitons with acoustic phonons
and optical phonons, respectively. At low temperatures, the
frequency of optical phonons is higher than that of acoustic
phonons which makes it difficult for the optical phonons to
scatter. At higher temperatures, the number of optical phonons
involved in the interactions increases. Owing to this, in this
regime, the acoustic phonons do not contribute to the peak
broadening as much as the optical phonons.

The fit parameters are indicated on the plot. That is, the
first and the second terms in the broadening equation are domi-
nant at low temperatures, but the first item is roughly constant.
Consequently, for temperatures in the 150–300 K range the
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second term can be neglected, and the equation becomes

Γ (T ) = Γ0 +
Γop

e−}ωop/kBT−1
. (3)

The width broadening and the energy of optical phonons
were estimated as Γop = 189.2± 52.1 meV and Eop = 38.8±
2.5 meV, in a good agreement with previously reported
values.[29]
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Fig. 6. (color online) (a) Integrated PL intensity vs. temperature, and the Ar-
rhenius equation fit, for temperatures in the 150–300 K range. The calculated
exciton energy is 77.6±10.9 meV. (b) PL peak FWHM vs. temperature, and
a non-linear fit using the boson model. The fit parameters are indicated on
the plot. (c) Photon energy vs. temperature, and a linear fit.

In addition, we calculated the temperature coefficient of
the perovskite film, for temperatures in the 150–300 K range,
for the data in Fig. 6(c). The data exhibit the slope corre-
sponding to a blue shift, with the temperature coefficient of
0.25 meV/K which is obviously large. Clearly the linear tem-
perature coefficient can help to decide the peak position at a
specific temperature to some extent.

4. Conclusion
In summary, the perovskite CH3NH3PbI3−xClx films

were prepared using a two-step method. Analysis of the films’
surface morphology revealed large crystals and substrate cov-
erage. The luminescence characteristics of temperature-
dependent PL spectra were studied for temperatures in the
10–300 K range. The phase transition temperature from the
low-temperature orthorhombic phase to the high-temperature
tetragonal phase was ∼ 140 K. The exciton binding energy
was 77.6± 10.9 meV. The optical phonon energy was 38.8±
2.5 meV. These data provide important optical information
about perovskite CH3NH3PbI3−xClx and about the family of
organic-inorganic metal halide perovskites. This information
can serve as a reference for designing perovskite-based opto-
electronic devices.
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