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Abstract—We numerically calculated the time-resolved
photoluminescence spectra using the bimolecular trapping-
detrapping model. The variations of carrier lifetimes are
investigated by changing the carrier recombination and
trapping rate constants, as well as the concentration of available
trapping states.
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I. INTRODUCTION

Perovskite materials are recently attracted a lot of
attentions in the research area of solar cell applications. Their
outstanding intrinsic properties, such as high absorption
coefficient [1], tunable band gap [2], large carrier diffusion-
length [3] and carrier mobility [4], show the potential
improvement in the photovoltaic performance of a solar cell.
However, to the practical purpose in designing the
optoelectronic device and improving its photovoltaic
efficiency, it needs to understand the fundamental interactions
between photons and the carriers in the material. Time-
resolved photoluminescence (TRPL) spectroscopy is one of
the powerful techniques to investigate the mechanism of
electron transition processes in photoluminescence materials.
In this work, we will numerically analyze and discuss the
evolution of the excitonic and trap state electron populations
in the perovskite material with respect to time using the
bimolecular trapping-detrapping model [5]. From the results
of time evolution populations, it is possible to imitate the
TRPL spectra of the sample. The influence of different
material parameters, such as the concentrations of excitonic
and trapped carriers, the concentration of trap state, and the
radiative and non-radiative carrier transition rates, on the
behavior of TRPL can be systematically analyzed. These
results can provide helpful information to understand the
connection between the physical processes happened within
the material and the observed TRPL spectra.

II. NUMERICAL CALCULATION MODEL

In the following -calculations, we consider the
phenomenological model depicted in Fig. 1. There are two
distinct states for electrons, the excited state and the trapping
state. The total available concentration of the trapping state is
Nr (cm?™). The concentration of photo-generated electrons
produced by illuminating a single pumping pulse is No (cm™).
After the illumination, some of the photo-generated electrons
will be recombined with the holes in the valance band, and
some of them will be transited and trapped into the trapping
state. The time dependent concentrations of electrons in the
excited and trap states are ng (cm™) and nt (cm™), respectively.
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And the associated time dependent concentration of photo-
generated holes in the valance band is ny (cm™). We consider

Fig. 1. Schematic diagram for describing the transition processes of the
photoexcited carriers

the sample is positively doped with doping concentration pg
(cm?). Therefore, the total concentration of holes in the
valance band is (ny + po) after the pumping pulse.

The bimolecular trapping-detrapping model is used to
describe the time rate of change of each carrier concentrations,
which are described in the following set of equations.

dnE/dt == anE(nH +p0) - anE(NT - nT)
dnH/dt:—anE(nH +p0)_anT(nH+p0) (1)
dnldt =+ kyng(Ny = ng) — kpng(ng + p,)

The rate constant kg is the combination of radiative and non-
radiative recombination rate constants, kr and kn. The electron
trapping and detrapping rate constants are kr and kp,
respectively. The fifth order Runge-Kutta method is used to
solve (1) with initial values ng(0) = nu(0) = Ny, nt(0) = 0 for
various kg, kp, kr and Nt values. To investigate the influence
of the power of the pumping pulse, different values of Ny is
also used in our calculations. After solving the equations to
obtain the time dependent ng, ny and nr, the TRPL intensity is
estimated by

Irrpr(0) = krnp@©)[n(0) + p )] (2)

The default parameters setting in the following
calculations are Ny = 500x10'? (cm™), Nr = 60x10"'? (cm™), po
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= 65%102 (cm?), kp = 60x 102 (cm’ns), kp = 80 1020
(cm’ms), and kr = 6000x10-2° (cm3ms). With changing single

Fig. 2. The cclculated TRPL spectra for (a) different kg, (b) different kp,
(c) different kr, and (d) different Ny.

parameter once a time, the TRPL spectra are calculated and
their corresponding carrier lifetimes are analyzed.

IIT. RESULTS AND DISCUSSION

The results shown in Fig. 2(a) to 2(d) are the calculated
TRPL spectra using the default parameters but changing the
value of kg, kp, kr, and Nr, respectively. The increasing in ks
and Nt affect the TRPL spectra more obviously in full time
duration of the calculation. And, the increasing in At and kp
mainly affect the behavior of TRPL spectra in the beginning
and in the long-time duration of the calculation, respectively.
To quantitatively analyze the carrier lifetimes, the TRPL
spectra were fitted by a sum of three exponentially decaying
functions 4 1exp(—t/71) + A2exp(—t/t2) + Aiexp(—t/z3).

The variations of carrier lifetimes with increasing kg, kp,
and kt are shown in Fig. 3. The long lifetime (73) and medium
lifetime (72) gradually decrease with increasing kg, but the
short lifetime (z;) slightly increases from 35 ns to 40 ns. The
increasing kp results in slightly decreasing 7, and 73, and has
almost no effect on 7; which remains at about 35 ns. With
increasing kr, all the three lifetimes rapidly decrease when kr
is smaller than 1000%102° (¢cm’ns). For even larger kr, 71
remains gradually decreasing, but 7, and 73 are slightly
increase.

IV. CONCLUSION

In this work, we numerically calculated the TRPL spectra
using the bimolecular trapping-detrapping model for different
recombination rate constants and concentration of available
trapping state. The resulted TRPL spectra can be fitted by a
triexponential decaying function to obtain three carrier
lifetimes. The variation of the long and medium lifetimes with
increasing kg and kr are similar, and the variation trend of the
short lifetime has different behavior. The carrier lifetimes are
relatively less sensitive to the change in kp.
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Fig. 3. The variation of carrier lifetimes with different kg, kp, and k.
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