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a b s t r a c t 

Recently, an effective exciton diffusion length L exceeding 100 μm has been reported for organic–

inorganic halide perovskites owing to both the high mobility and ultra-long lifetime of the excitons; 

however, the origin of ultra-long L is still unclear in nature. In some photoelectric materials, reverse 

intersystem crossing (RISC) from the triplet to the singlet state can enhance the quantum yield of pho- 

toluminescence greatly. In this study, our theoretical investigation indicated that the energy difference 

�E st between the singlet state and the triplet state of CH 3 NH 3 PbI 3 was less than 0.1 eV, which represents 

one crucial prerequisite for the occurrence of RISC. Meanwhile, the experimental results showed that the 

photoluminescence lifetime increased with the increasing temperature, a typical feature of RISC. Based 

on this study, we put forward the hypothesis that the ultra-long lifetime of excitons in organic–inorganic 

halide perovskite might be caused by the RISC process. This may provide a new insight into the important 

photophysical properties of such novel photovoltaic materials. 

© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

As an emerging photovoltaic material, organic–inorganic halide

perovskite has attracted considerable attention due to its desirable

advantages, such as moderate band gap, facile solution processabil-

ity, effective exciton dissociation, etc. [1–5] . Despite the high power

conversion efficiency of over 20% that has been achieved for per-

ovskite solar cells (PSCs) [6,7] , some basic scientific enigmas of this

fascinating material require further elaboration; for example, the

ultra-long effective charge diffusion length L facilitates the exciton

dissociation greatly [8,9] . In general, L is obtained with the follow-

ing equation: 

L = 

√ 

Dτ (1)

where τ is the exciton lifetime and D is the charge diffusion coeffi-

cient; these two important factors can be determined by transient

absorption and photoluminescence-quenching measurements. It is

evident that a large value of τ is one prerequisite for an ultra-long

L , which has been confirmed experimentally [8,10] . In the mean-
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ime, researchers in this field are willing to determine the origin

f these advantageous properties theoretically [11,12] . 

To date, there have been several explanations for the ultra-

ong τ of CH 3 NH 3 PbI 3 . Based on optical investigations of a single

rystal of CH 3 NH 3 PbI 3 from room temperature to 5 K, Fang et al.

13] attributed the ultra-long τ to the bound triplet exciton at tem-

eratures below 160 K, while carriers recombination was induced

y spontaneous radiative transitions from band to band at room

emperature. On the other hand, Kong et al. [14] found that the

onger τ of CH 3 NH 3 PbI 3 originated from free excitons and donor–

cceptor-pair transitions. In brief, it can be seen that the early ex-

lanations on this issue are ambiguous. In some photoelectric ma-

erials, if the energy gap between the singlet and the triplet state is

mall enough, triplet excitons can return to the singlet state, which

s called reverse intersystem crossing (RISC) [15,16] . This impor-

ant photophysical process helps to increase the exciton’s lifetime,

hich in turn achieves a higher quantum yield [15] . It is important

o emphasize that perovskite materials have a periodic structure

ut to date, no method exists to calculate the excited state of the

eriodic structure accurately. Our group has proposed a method to

eal with the excited state of materials with a periodic structure,

uch as MOFs [17–19] . To be specific, we selected representative

tructure units from MOFs by cutting off clusters based on their

ingle crystal structures (obtained from experimental results); the
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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Fig. 1. (a) Tetragonal phases of CH 3 NH 3 PbI 3 crystal structure; (b) Calculative clus- 

ter model for ground state cut from the tetragonal crystal. The elements are repre- 

sented by the following colors: N, blue; C, light gray; H, white; Pb, dark gray; and 

I, brown. 
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lusters were calculated after saturation by hydrogen atoms at the

oundary. So far, our method has been accepted as a valid strategy

o deal with the excited state of periodic structures. 

It is known that the singlet–triplet splitting energy (denoted

s �E st in our work) for inorganic semiconductors and organic

olecules varies a lot. The �E st of organic molecules has been

eported to be 10 0–20 0 meV, much larger than that of inorganic

aterials [15] . CH 3 NH 3 PbI 3 is known as an organic–inorganic hy-

rid material with many amazing photoelectric properties. Inspired

y these investigations, we firstly provided a new insight into the

ltra-long τ of CH 3 NH 3 PbI 3 halide perovskite from the perspective

f RISC. The experimental results showed that the photolumines-

ence lifetime increased with the increasing temperature [20,21] ,

 typical feature of RISC. Meanwhile, the �E st was then calcu-

ated to be 82 meV and 47 meV, which satisfies the prerequisite

or the occurrence of RISC in thermally activated delayed fluores-

ence (TADF) photovoltaic materials [16,22,23] . It is conjectured

hat, for CH 3 NH 3 PbI 3 , the semiconductor properties including �E st 

re highly affected by the organic component. Based on this study,

e put forward the hypothesis that the ultra-long lifetime of exci-

ons in organic–inorganic halide perovskite might be caused by the

ISC process. Our work provides a new insight into the important

hotophysical property of these novel photovoltaic materials. 

. Experimental 

.1. Experimental method 

102.2 mg PbCl 2 and 174.9 mg CH 3 NH 3 I were weighed.

he materials were placed into a sample bottle, 0.5 mL N,N -

imethylformamide (DMF) was added and the mixture was heated

t 70 °C for 1 h until mixed completely, followed by filtration. The

olution and a glass substrate were transferred into a glove box

nd placed on a heating plate for preheating at 70 °C. After 70 μL

f the solution was removed with a pipette, it was spin-coated on

he substrate at 20 0 0 rpm/30 s. First, it was heated at 90 °C for

 h, then it was heated at 100 °C for 25 min, which completed the

rocess for obtaining the CH 3 NH 3 PbI 3 film. 

A streak camera (Hamamatsu C10910) was used to obtain the

ime-resolved photoluminescence (TRPL) spectra and the photolu-

inescence lifetime of the CH 3 NH 3 PbI 3 film from 80 K to 300 K. 

.2. Computational method 

The structure of the CH 3 NH 3 PbI 3 cluster for ground state opti-

ization was cut [24] from the crystal structure [25] of the tetrag-

nal phases, as shown in Fig. 1 . The lattice parameters a, b and c

re equal to 8.8 Å, 8.8 Å, and 13.0 Å in the periodic tetragonal crys-

al structure. The lattice parameters α, β and γ are all equal to 90 °
n the periodic tetragonal crystal structure. According to the sym-

etry of the crystal structure, a lattice-site unit was cut from the

etragonal CH 3 NH 3 PbI 3 crystal structure to obtain a bigger cluster,

amely one-fourth of the octahedral crystal structure. It has been

uggested that the CH 3 NH 3 
+ cations in the tetragonal phase still

ccupy preferred orientations and a certain degree of long-range

rder [26] . The quantum chemical density functional theory (DFT)

nd time-dependent density functional theory (TD-DFT) were used

o calculate the results using the Gaussian 09 software package

27] . All the atoms except the H atoms were frozen. The basis set

anl2dz was used including the relativistic effect because Pb atom

s heavy. The PBEPBE functional was used to calculate �E st in con-

unction with the MOMAP-v0.2.003 program developed by Shuai

t al. [28–31] to calculate the rate of RISC of CH 3 NH 3 PbI 3 . The pa-

ameter of the excited states was set to triplet only for the triplet

tate calculation, i.e., the electrons were excited to the triplet state.
he peak position of the infrared (IR) spectrum and the maxi-

al absorption in the ultraviolet–visible (UV–vis) spectrum of the

H 3 NH 3 PbI 3 cluster model were matched with the experimental

esults reported by Ahmed et al. [32] and Umari et al. [12] , respec-

ively, as shown in the Supporting Information. 

Starting from the Fermi golden rule, as shown in Eq. (2) , Shuai

t al. derived the equations for calculating the rate of the photo-

hysical process [29,31] , including the rate of fluorescence k F , the

ate of RISC k RISC , the rate of internal conversion (IC) k IC , and the

ate of intersystem crossing (ISC) k ISC . The i represents the initial

tate of CH 3 NH 3 PbI 3 ; f represents the final state; v represents the

ibration in the initial state; v ′ represents the vibration in the final

tate; P is the Boltzmann distribution in Eq. (2) . In Eq. (3) , a and

 are the vibration quantum numbers; c is the speed of light in a

acuum; � represents the vibration wave function; Q is the canon-

cal coordinate of the nuclear motion; M if is the transition dipole

oment from the initial state i to the final state f , representing the

lectronic transition. 

 = 

2 π

h̄ 

∑ 

v , v ′ 
P i, v 

∣∣H 

′ 
i v , f v ′ 

∣∣2 
δ
(
E f, v ′ − E i, v 

)
(2) 

 F = 

64 π4 

3 hc 3 

∣∣M if ( 0 ) 
∣∣2 ∑ 

a 

∑ 

b 

νib → fa 

∣∣∣
∫ 

�fa ( Q ) 
∗�ib ( Q ) d Q 

∣∣∣2 

(3) 

 RISC = 

2 π

h̄ 

∑ 

v 

∑ 

v ′ 

∣∣〈φi �i, v 
∣∣ ˆ H 

′ 
SO 

∣∣φ f � f, v ′ 
〉∣∣2 

δ
(
E i, v − E f, v ′ 

)
(4) 

 IC = 

2 π

h̄ 

∑ 

v , v ′ 
P i, v 

∣∣〈φi � f, v ′ 
∣∣ ˆ H BO 

∣∣φ f �i, v 
〉∣∣2 

δ
(
E f, v ′ − E i, v 

)
(5) 

 ISC = 

2 π

h̄ 

∑ 

v , v ′ 
P i, v 

∣∣〈φ f � f v ′ 
∣∣ ˆ H 

′ 
SO 

∣∣φi �i v 
〉∣∣2 

δ
(
E f, v ′ − E i, v 

)
(6) 

The rate of RISC is sensitive to temperature [33] . k RISC increases

t high temperature, as shown in Eq. (7) . 

 RISC ∝ exp 

(
�E st 

k B T 

)
(7) 

. Results and discussion 

For the photoluminescence measurements, CH 3 NH 3 PbI 3 was

repared on a quartz glass by solution route. The structure di-

gram of the device is shown in Fig. 2 (a). The X-ray diffraction
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CH3NH3PbI3

Quartz glass

(a) (b)

(c) (d)

Fig. 2. (a) Schematic architecture of CH 3 NH 3 PbI 3 /Quartz glass; (b) XRD pattern of CH 3 NH 3 PbI 3 ; (c, d) Top-view SEM images of CH 3 NH 3 PbI 3 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Lifetime of photoluminescence decay under different temperatures. 

T (K) 300 200 160 140 120 80 

τ (ns) 299.3 108.2 58.4 12.3 9.9 6.7 
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(XRD) pattern in Fig. 2 (b) indicates that the characterized diffrac-

tion peaks of the perovskite sample were well designated accord-

ing to the standard JPSDS card, such as (1 1 0), (2 1 1), (2 2 0), and

(3 1 0). The scanning electron microscopy (SEM) results ( Fig. 2 c

and d) showed that the CH 3 NH 3 PbI 3 film was homogeneous and

generated apparent holes. 

Milot et al. [34] observed the two structural phase transitions

occurring at 160 and 310 K. The monomolecular charge-carrier re-

combination rate increased with the rising temperature, indicat-

ing a mechanism dominated by ionized impurity mediated recom-

bination. However, the lattice parameters of a tetragonal crystal

are relatively similar to those of an orthorhombic crystal, which is

thought to be not sufficient to influence their photophysical prop-

erties. It is well known that phosphorescence can be only observed

at very low temperatures. Even if there is a phase transition in

the CH 3 NH 3 PbI 3 perovskite, the RISC process may be still effec-

tive since �E st between the singlet state and the triplet state of

CH 3 NH 3 PbI 3 is less than 0.1 eV, which is a crucial prerequisite for

the occurrence of RISC. As shown in the photoluminescence spec-

tra of CH 3 NH 3 PbI 3 in Fig. 3 (a), double peaks were observed at low

temperatures in our experiment, e.g. at 80 K, 120 K and 140 K. Al-

though some researchers [34] have stressed that such a double

peak is closely related to the phase transition of CH 3 NH 3 PbI 3 , here

we still think that it could be caused by phosphorescence. Because

the phase transition temperature of CH 3 NH 3 PbI 3 was observed to

be 160 K, at which the orthorhombic phase changes into the tetrag-

onal one. According to this study reported by Kong et al. [14] , the

orthorhombic phase could be well maintained between 13 K and

130 K. Thus, in our work, the appearance of double peak in this

range can be inferred to be irrelevant to the phase transition. The

energy difference between the maximum absorption peak of the

fluorescence at 300 K and the phosphorescence at 80 K in the TRPL

spectra is �E st in the experiment based on Eq. (8) . The photolu-

minescence lifetime of CH 3 NH 3 PbI 3 was tested at different tem-

peratures, as shown in Fig. 3 (b). The time period was 500 ns and

the light intensity was 813 nJ cm 

–2 . The calculation method pro-

posed by Wang et al. [35] was used to acquire the mean photo-

generated lifetime of CH 3 NH 3 PbI 3 by Eq. (9) , where A is a pre-
xponential factor and τ is the lifetime. The TRPL measurements

ere fit to a two-exponential decay. It is worth mentioning that

he lifetime increased as the temperature increased from 80 K to

00 K, as shown in Fig. 3 (c) and Table 1 . Herz [36] has reported

hat the trap-assisted recombination is a monomolecular process

onsisting of the capture of either a hole or an electron in the ion-

zed impurity state. Auger recombination is a many-body process

hat consists of the recombination of a hole with an electron, as

ell as a momentum and energy transfer to either a hole or an

lectron, resulting in phonon absorption or emission. They both

ave a clear dependency on the temperature and electron traps

ave been identified as the dominant source of trap-assisted re-

ombination in CH 3 NH 3 PbI 3 [37] . However, this is not contradic-

ory to the RISC process in the CH 3 NH 3 PbI 3 system. The RISC pro-

ess may be still effective since �E st of CH 3 NH 3 PbI 3 is less than

.1 eV and the photoluminescence lifetime increases with temper-

ture. These are typical phenomena that correspond to the RISC

rocess in photovoltaic materials [20,21] . 

E st = 

1240 

754 

− 1240 

779 

= 0 . 05 eV (8)

 

τ 〉 = 

A 1 τ1 
2 + A 2 τ2 

2 

A 1 τ1 + A 2 τ2 

(9)

Sun et al. [38] have calculated the energy difference between

he singlet state S 1 and the triplet state T 1 for adiabatic �E st 

nergy of 17 photoelectric materials used in TADF-based organic

ight-emitting diode devices. The authors demonstrated the effi-

iency of a non-empirically tuned range-separated exchange func-

ional in reproducing the experimentally lowest singlet excita-

ion energies and the corresponding singlet −triplet gaps (derived

rom 0 to 0 transitions) described by Adachi et al. [39] . The

alculation method we used is based on the work of Sun et al.
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Fig. 3. Photoluminescence spectra (a) and lifetime (b) of CH 3 NH 3 PbI 3 at different 

temperatures; (c) Lifetime of photoluminescence decay as a function of tempera- 

ture. 
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Fig. 4. RISC as a photophysical process in tetragonal (a) and orthorhombic (b) 

CH 3 NH 3 PbI 3 . 
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38] . RISC occurs in photoelectric materials when the �E st energy

s less than 0.1 eV [40,41] . It is well known that the crystal phase of

he CH 3 NH 3 PbI 3 perovskite varies with temperature; for example,

he crystal phase is orthorhombic below 160 K and tetragonal in

he range between 160 K and 327 K [42] . Our theoretical calculation

esults show that, for CH 3 NH 3 PbI 3 molecule, the adiabatic �E st is

.082 eV for the orthorhombic phase and 0.047 eV for the tetrag-
nal phase. It is evident that RISC likely occurs in CH 3 NH 3 PbI 3 at

oom temperature at very small values of �E st . 

Indeed, the �E st of inorganic semiconductors is usually caused

y electron–hole exchange interaction and is relatively smaller

on the order of a few 10s meV) when compared to that of or-

anic photoelectric materials (10 0–20 0 meV). CH 3 NH 3 PbI 3 is usu-

lly known as an organic–inorganic hybrid material. In our calcu-

ation, the model we pick up is based on a basic fragment rather

han periodic structure. There is no energy band structure in the

elected fragment, hence, the electronic states are more localized.

n other words, the model we adopt for calculation has a strong

uantum confinement effect if compared to a complete periodic

ystem. From this point of view, the energy levels of single and

riplet states as well as the �E st (82 meV and 47 meV) calculated

n our work could be larger the real values. Our present is expected

o evoke special attention on this issue, but which still need fur-

her investigation either by optimizing computational methods or

ombinating with well-designed experiments in future. 

In CH 3 NH 3 PbI 3 perovskite, the singlet and triplet excitons

ormed after the electrons and holes were recombined. When

E st was less than 0.1 eV, the triplet exciton returned to the S 1 
tate by thermal motion, namely the RISC process and harvested

pin-forbidden T 1 excitons, as shown in Fig. 4 . The rates of RISC

n the tetragonal and orthorhombic CH 3 NH 3 PbI 3 molecules were

.7 × 10 8 s –1 and 4.93 × 10 9 s –1 , respectively, as shown in Table 2 .

he spin-forbidden transition from T 1 to S 0 was transferred into

 singlet exciton by the RISC process, resulting in a significant in-
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Table 2. Rates of photophysical processes in tetragonal and orthorhombic 

CH 3 NH 3 PbI 3 . 

Crystal phase k RISC (s –1 ) k ISC (s –1 ) k F (s –1 ) k IC (s –1 ) 

Tetragonal phase 7.7 × 10 8 6.84 × 10 9 1.07 × 10 12 3.12 × 10 13 

Orthorhombic phase 4.93 × 10 9 3.93 × 10 9 1.02 × 10 13 4.45 × 10 13 
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[  
crease in the lifetime of the singlet exciton, which in turn leads to

an ultra-long lifetime of the exciton in the CH 3 NH 3 PbI 3 perovskite.

The rate of ISC in the tetragonal CH 3 NH 3 PbI 3 was 6.84 × 10 9 s –1 ,

which was larger than the value of RISC. In contrast, the rate of ISC

in the orthorhombic CH 3 NH 3 PbI 3 was 3.93 × 10 9 s –1 , which was

smaller than the value of RISC. The proportion of the singlet ex-

citon to the triplet exciton was in equilibrium with the reverse

concentration ( Eq. (10 )); thus, the proportion of the singlet exci-

ton to the triplet exciton in the tetragonal phase of CH 3 NH 3 PbI 3 
was 10.1%:89.9% and the proportion was 44.4%:55.6% in the or-

thorhombic CH 3 NH 3 PbI 3 phase. Quartz et al. [26] have reported

that CH 3 NH 3 
+ cations in a tetragonal crystal structure generate

strong bending in the valence and conduction bands, which could

reduce the carrier recombination and delay the photoluminescence

lifetime. In our calculation, k RISC and k F were both smaller in the

tetragonal phase than in the orthorhombic phase, i.e., the lifetimes

of RISC and the fluorescence were both longer in the tetragonal

phase than in the orthorhombic phase. These results are in agree-

ment with the report by Quartz et al. 

k te(ISC) 

k te(RISC) 

= 

k te( S 1 ) 

k te( T 1 ) 

= 

c te( T 1 ) 

c te( S 1 ) 

= 

89 . 9% 

10 . 1% 

(10)

4. Conclusions 

With an increase in temperature, the photoluminescence life-

time of CH 3 NH 3 PbI 3 perovskite tended to increase; this phe-

nomenon corresponds to the RISC process in the photovoltaic ma-

terial. Furthermore, quantum chemical calculations showed that

the adiabatic �E st energy in the orthorhombic and tetragonal

phases of CH 3 NH 3 PbI 3 perovskite was less than 0.1 eV. The rates

of RISC in the tetragonal and the orthorhombic phases were

7.7 × 10 8 s –1 and 4.93 × 10 9 s –1 , respectively, which further proved

that the RISC process had occurred in the CH 3 NH 3 PbI 3 perovskite.

Therefore, we put forward the hypothesis that the ultra-long life-

time of excitons in the CH 3 NH 3 PbI 3 organic–inorganic halide per-

ovskite may be caused by the RISC process, which provides a new

insight into the important photophysical properties of these novel

photovoltaic materials. 
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