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Figure 1. (a) Distribution of the particle size of the perovskite dispersed in the EA/EC
solution (0.002 M), which was measured by a light scattering method. (b and c) Examples of
perovskite particles observed by an optical microscope. For this observation, the perovskite
dispersion was firstly diluted and then deposited onto a glass slide. The particle size was
estimated by just comparing the darker contour to the scale bar. In our opinion, the surface
and the bulk regions of these small perovskite grains play comparable roles in determining
the physics properties of the sample. Notably, for these particle size measurements, a high
concentrated perovskite dispersion was firstly prepared and then diluted, just the same to that

used for the absorption properties measurements. For the dispersion preparation and dilution



processes, only the magnetic stirring was used. It is expected that the perovskite grains and
their size would not be influenced by the macroscopic low-energy stirring process. Thus, the
perovskite dispersion with different concentrations should have the similar grain size as

evaluated here.
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Figure 2. (a) Steady-state photoluminescence (PL) of the perovskite dispersions with
different concentrations. (b) A comparison of the measured PL peak energy to the estimated
one by considering the photon reabsorption effect. A good agreement is achieved, confirming
that the energy state for radiative recombination keeps unchanged regardless of the
concentration. (c) Transient PL of the perovskite with different concentrations, probed at the
same energy of 2.28 eV. They exhibit almost the same decay process, confirming the similar

photophysics properties between different samples.
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Figure 3. Two examples of theoretical simulations of the light absorption spectra according
to the Tauc model including the contributions of both indirect and direct bandgap absorption.
(a) The light absorption is modeled as Abs~ax(E-1.52)*+(E-1.6)"2, where the 1.52 and 1.6
are assumed to be the indirect and direct bandgap width, and (@) is a relative prefactor
reflecting the relative probability of indirect bandgap transition. To obtain a continuous
absorption spectrum without any singularity, two formulas, including a(E-1.52)*=(E-1.6)"?
and 2a(E-1.52)=1/2(E-1.6)"2, need be satisfied in math, yielding a=14.3525, as shown with
the open black square plot, red and green lines. This theoretical simulation may resemble the
experimental spectra of the CH;NH;Pbl; absorption. However, the value of (¢) means that
the probability of indirect bandgap transition is much larger than that of the direct bandgap
transition, which is obviously contradictory with the basic principles of photoelectric
interactions of a semiconductor!. By decreasing the a to 1 or another smaller value, an
obvious transition between the indirect and direct bandgap absorption can be observed, as the
open pink circle plot shows; while no such a transition has been found in experiment. (b) The
light absorption is modeled as Abs~ax(E-2.2)*+(E-2.3)"2. Similarly, a large a of 10.3 is
needed to obtain a continuous absorption spectrum, while the excitonic feature cannot be

reflected.
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Figure 4. (a) Fittings of the CH;NH;PbBr; absorption spectra with the indirect bandgap and
bound exciton model, respectively. The solid black square plot is the residual absorption
spectra by subtracting the continuum term (AbScontinuum)> 85 AbStota-AbScontinuum- The green
line is the free exciton absorption (Absgg), and the open red circle plot is derived as Abs-
Abscontinuum-Absgg, which can be well fitted by the bound exciton absorption model as the red
line shows. The dash blue line gives a fitting of the absorption tail below 2.22 eV with the
indirect bandgap model, as Abs.~(E-E,)?, yielding the E, of 2.138 eV. The orange line is the
single Gaussian peak fitting of the Absi-AbScontinuum Spectrum. The residuals of the single
and double Gaussian peak fitting, respectively, are shown in (b). If just with the single
exciton model, the broadening is significantly increased, and a large residual exists. (c)
Energy level diagram of the perovskite if adopting the indirect bandgap model. The indirect

band edge recombination may give emissions below 2.138 eV (e.g. >580 nm).
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Figure 5. (a) Fittings of the CH3;NH;Pbl; absorption spectra with the continuum band and
double excitons model, yielding an £, of 1.645 eV, a free exciton binding energy of 17 meV
and a bound exciton binding energy of 67 meV. (b) Steady-state PL of the CH;NH;Pbl; and
the double-peak fitting. The lower-energy emission (1.572 eV) is located at the similar
energy position to that of the bound exciton, while the higher-energy emission (1.635 eV)
may come from both the continuum band and free exciton states. The PL data is reorganized

from reference 2.
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Figure 6. (a) Top-view scanning electron microscope image and (b) X-ray diffraction pattern

of the MAPbBr; film.
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Figure 7. An example of steady-state PL of the MAPbBr; films in the temperature regime
from 70 to 130 K. A strong broad emission centered at about 620 nm can be assigned to the

trap emission and the sharp PL peak located at about 550 nm is the exciton emission.
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Figure 8. Temperature-dependent steady-state PL (850 nm is the wavelength upper limit of
the instrument) of MAPDI;. At temperatures higher than 130 K, two emission bands can also

be distinguished, similar to that of MAPbBr3;.
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Figure 9. An example of the PL spectrum fitting to derive the intensity of different emission

bands. (BE: bound exciton, FE: free exciton)
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Figure 10. X-ray diffraction pattern of the CH3;NH;PbBr; single crystal, which has a cuboid
shape as shown in the left inset. For the top surface, the (100) lattice plane is mainly exposed.
The bulk (100) crystal plane is exposed by directly cleaving the single crystal. The right inset

gives the microscope photograph of the cleaved surface, which is ultra-smooth without any

physical crack and grain boundary.



Surface-200 K Bulk-200 K

Time (ns)

Normalized PL S

530 540 550 560 570 530 540 550 560 570
Wavelength (nm) Wavelength (nm)

Figure 11. Two dimensional pseudocolor (normalized PL intensity) plots of transient PL
spectra for the MAPbBr; single crystal as functions of emission wavelength and time delay
(200 K). Even when the temperature is increased to 200 K, the single crystal still gives two

PL centers corresponding to the free and bound excitons emissions.

10°
10° £
>
L
o
10’
10° . : :
0 20 40 60 80
Time (ns)

Figure 12. Transient PL of the perovskite single crystal (165 K) probed at 542 and 554 nm,
respectively. These two emission centers exhibit different decay dynamics, thus excluding the

possibility of light scattering effect in causing the double-peak PL.
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Figure 13. PL spectra of the perovskite film and single crystal at room temperature by

increasing the excitation intensity (/.x.). They give the similar emission features.
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Figure 14. Transient PL (probed at 550 nm) of the perovskite film measured at 90, 145 and

300 K, respectively, where the monomolecular recombination lifetime is derived to be 27,

730 and 351 ns, respectively.



Continuum excited state

\ 4

Traps

N

y

FE

Ground state

Figure 15. Scheme of the simplified charge processes between the exciton and trap states.

The blue arrow depicts the formation of free exciton (FE) and the arrow 1 depicts the

formation of bound exciton (BE). These two processes are ultrafast, which have little

influence on the PL properties in the nanosecond time scale. Arrow 2: Trapping of FE; 3:

Trapping of BE; 4: FE radiative recombination; 5: BE radiative recombination; 6: Trap

emission.
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Figure 16. (a) Transient PL of the FE and BE emissions of the film at 70K and 145K,

respectively. (b) Temperature dependent PL intensity of the FE and BE emissions. These

results indicate that both the free and bound exciton could be fast captured by the trap states.
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Figure 17. Excitation intensity-dependent PL spectra of the perovskite single crystal at 70 K.
The trap emission shows a blue-shift when increasing the excitation, and the free and bound

exciton emissions can also be observed.
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Figure 18. Room-temperature PL properties and stimulated emission of the MAPbBr; film.
The stimulated emission is realized by pumping the film (at 450 nm) with a femtosecond
amplifier (Coherent Astrella) and a OPA system (Opera-solo). At room temperature, the free

exciton is mainly dissociated into free carriers while the bound exciton keeps stable.



Note 1. Modeling the thermal-induced exciton transfer
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Figure 19. Schematic diagram of the energy states of the exciton and trap state. In the
thermal-induced charge transfer process, an energy barrier need be overcome. For the
exciton-to-trap (i.e. trapping), the energy barrier is E;, while E, for the opposite transfer
process (i.e. de-trapping). Obviously, E;>F, since the energy of the trap state is lower than

that of the exciton state.

For the charge transfer between different localized states, energy barriers are usually need be
overcome, as schematically shown in Figure 19. Here, we consider the exciton trapping
process, and a single trap state is assumed. The complicated interactions and charge transfer
between multiple exciton states and trap states are ignored. In this case, the rate equation of

the charge transfer under low excitation can be modeled as

an, _ —An,N, exp(— £, J+ BN,n, exp(— £y J
dt K,T K,T
dn,  dn,

dr o dr ’
n (O)— 1y

n,(0)=0

where 7 is the time following the exciton formation, ny is the initial exciton density, n, is the
exciton density, N is total density of the exciton state, n, is the occupied trap density, N, is
the total density of the trap state, A and B are the dynamic constants, Kg is the Boltzmann

constant and 7 is the temperature. By solving this rate equation, the influence of the



temperature on the exciton transfer process can be estimated. For clarity, here we give some
examples of the exciton decay at different temperature by the numerical calculations, as in
Figure 20. With these results, it can be confirmed that the higher temperature would

accelerate the exciton trapping process.
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Figure 20. Numerical results of the exciton decay at different temperatures, where £,=0.1 eV

and E£,=0.25 eV was taken as an example here.

Note 2. Explanation of the multiphonon transition model.

For any solid or semiconductor system, the total energy is composed of the electronic and
lattice terms. The Hamiltonian of the system can be written as H=H.+H; +H,, where H,, H;
and H, are the Hamiltonians of the electron, lattice and electron-lattice interaction. By the

linear approximation, the H, can be written as H, NZ”st , where u is the coupling

S

parameter of electron-lattice interaction and Q is the lattice position in the normal coordinate.
With this Hamiltonian, the total energy of the system can be derived as
U(Q)=E(Q)+1/2Mw?*Q?, where the first term is the electronic energy including the electron-
lattice interaction and the second one is the elastic energy of the lattice. For the non-
irradiative charge transition process, the total energy is conservative. According to the

multiphonon transition scenario, the charge capture activation energy (E£g) is
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whereS:ZZ—a;(éj.ij —(/’i)”s(’”)%d’”j , ha)zézz—?(ﬁj(@j—%)us(rbﬁj ho, Ej

is the energy difference between state j and i, ¢ 1s the wave function of state i, j and s,
respectively, and o is the frequency of the lattice vibration. Thus, the Eg would be increased
if decreasing the electron-lattice interaction (i.e. us) when the @ keeps unchanged. For the
perovskite, this decrease due to the orthorhombic-tetragonal phase transition is indicated from

the decrease in the elastic constant.3

Note 3. Modeling the relationship between the trap emission peak and intensity

We assume that the trap states have an exponential distribution in the energy space, that is,
N(E)=Noexp[(E-Ey)/eo], where N, is the trap density, Ny is a pre-factor, Ej is the bottom of the
trap state and &, is a parameter reflecting the trap distribution. We also assume that the
emission energy peak (AFE) is the energy difference between the highest occupied trap state
(E;) and the valence band (£;). The highest occupied trap state can be derived from the

trapped charge density, that is,

n, (E): INO exp((Ez - Ey )/ So )jE = Ny&, [exp((Ez - Ey )/ So )_ 1]-
Under the low excitation, the charge decay rate is usually independent to the n. The emission
intensity (/pr) is proportional to ny, that is Ip; =f*n,, where f'is a proportional parameter. Thus,

the £, can be derived as E,=&xIn[1+1Ip /(fNo&o)]+E>, Where E,( is the bottom of the trap
states. Therefore, AE={XIn[1+1pL/(fNoCo) | TAEy, where AEy=FE5y-E).
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