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deposition methods (see Materials and Methods) (25, 26). X-ray dif-
fraction (XRD) (fig. S1) and field emission scanning electron micros-
copy (fig. S2) established the formation of phase-pure and
homogeneous perovskite films, respectively (27).

Emission characteristics of CH;NHsPbl;

The structural characterization based on XRD (fig. S1) confirmed the
formation of the tetragonal phase of CH;NH;Pbl;, which is thermo-
dynamically the most stable phase at room temperature (28). Below
160 K, the tetragonal phase transforms into an orthorhombic phase,
whereas above 330 K, CH;NH;PbI; stabilizes into a cubic phase (29, 30).
Furthermore, using time-integrated and time-resolved PL spectroscopy,
we have explored in detail the temperature dependence of the bandgap
and the dynamics of emission in CH3;NH;Pbl; perovskite films
deposited on mesoporous ALO;.

Temperature-dependent PL

Exploring the PL of hybrid organic-inorganic perovskites over a wide
range of temperature is not only of fundamental interest but also aims
to identify the practical applications of the devices based on these pe-
rovskites. Figure 1A shows the time-integrated PL of the CH;NH;Pbl;
film recorded at 15 K, which highlights the presence of two emission
peaks located at 1.574 and 1.649 eV (Fig. 1B). While increasing the
temperature to 80 K, the low-energy emission peak experienced a
blueshift of 15 meV (from 1.574 to 1.589 eV). Likewise, the central
energy of the high-energy emission peak attributable to the ortho-
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rhombic phase of CH;NH;Pbl; exhibits a blueshift of 25 meV (from
1.649 to 1.674 eV) before disappearing above 120 K (Fig. 1B). This
widening of the bandgap is in apparent discord with the usual Varshni
behavior of standard tetrahedral semiconductors in which the band-
gap experiences a redshift with the increase in temperature (31). Fur-
thermore, while raising the temperature from 15 to 75 K, the
linewidth or full width at half maximum (FWHM) of the low-energy
emission peak unusually decreases by 7 meV (from 77 to 70 meV),
whereas the FWHM of the high-energy emission peak increases from
39 to 43 meV (Fig. 1C). At 75 K, the low-energy emission peak com-
mences to redshift from 1.589 to 1.569 eV up to 150 K, which is also
followed by a decrease in the linewidth from 70 to 56 meV (Fig. 1B).
From 150 to 300 K, the single emission peak attributed to the tetra-
gonal phase reveals a systematic blueshift of 32 meV (from 1.569 eV at
150 K to 1.601 eV at 300 K) (Fig. 1B), with concurrent enhancement
in the linewidth from 56 to 87 meV (Fig. 1C).

The evolution of the FWHM of emission peaks that correspond to
the orthorhombic and tetragonal phases (Fig. 1C) can be fitted by tak-
ing into account the temperature-independent inhomogeneous
broadening (I'y) and the interaction between charge carriers and
LO-phonons, described by the Frohlich Hamiltonian (32, 33). The
extracted fitting values [I'y = 39 meV; charge carrier LO-phonon cou-
pling strength (y0) = 40 meV; and energy of LO-phonon (Ero) =
15 meV] agree with the literature (Fig. 1C) (33). The intensity of emission
peaks corresponding to the orthorhombic (high-energy peak below
120 K) and tetragonal phases (above 150 K) (Fig. 1D) continuously
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Fig. 1. Temperature-dependent emission characteristics of CH;NH;Pbl; (fluence = 2 pJ/cm?). (A) Normalized PL intensity of CHsNHsPbls as a function of tem-
perature recorded from 15 to 300 K (spectra have been vertically shifted for clarity). (B) Position of the PL peaks corresponding to the low energy and the orthorhombic
and tetragonal phases of CHsNH;sPbls as a function of temperature. (C) FWHM of the PL peaks corresponding to the low energy and the orthorhombic and tetragonal
phases of CH3NH;Pbls as a function of temperature. Green solid line shows the fitting obtained by taking into account the temperature-independent inhomogeneous
broadening (I'y) and the interaction between charge carriers and longitudinal optical phonons (LO-phonons), as described by the Frohlich Hamiltonian. (D) Absolute
intensity of PL spectra corresponding to the low-energy emission peak and the orthorhombic and tetragonal phases of CH3NHsPbls as a function of temperature from

15 to 300 K.
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diminishes with increasing temperature, which could arguably be
attributed to the activation of nonradiative recombination centers.
The PL intensity is maximal around 150 K (Fig. 1D), which implies
that CH;NH;Pbl; could be a strong emitter around 140 to 160 K (7).
The intensity and linewidth of the low-energy emission peak (Fig. 1D)
do not follow the trend exhibited by the orthorhombic (high-energy
peak below 120 K) and tetragonal (above 150 K) phases. The emission
from the low-energy peak increases considerably from 75 to 150 K.

Fluence-dependent PL

It is well known that the accumulation of charges during photoexcita-
tion increases the inherent bandgap of the CH;NH;Pbl; (34). There-
fore, to further understand the dependence of the position and
intensity of the three PL peaks on the excitation energy densities, we
investigated the emission characteristics of CH;NH;Pbl; at 15 and
300 K using different laser fluences (Fig. 2). With increasing fluence, a
continuous blueshift of the low-energy emission peak from 1.436 eV
at 0.1 nJ/cm? up to 1.536 eV at 4.5 1/cm?* was observed at 15 K (Fig.
2, A and B), which could be attributed to the band filling effect (34).
On the other hand, the high-energy emission peak exhibits a blueshift
only at higher fluences (>0.2 uj/cm?). This suggests that the charge
transfer from the orthorhombic phase of CH;NH;PbI; to the low-
energy emission peak occurs at lower fluences (<0.2 u]/cmz), whereas
at higher fluences (>0.2 w/cm?) the band filling effect predomi-
nates over a dynamic charge transfer. At 300 K, no noticeable shift
in the position of the single PL peak assigned to the tetragonal phase
of CH3;NH;PbI; was observed over a range of excitation intensities
(Fig. 2, D and E). Figure 2 (C and F) displays the dependence of

PL intensity on the fluence recorded at 15 and 300 K. At 15 K, we ob-
serve a perfectly linear relationship between the fluence (<0.2 u]/cmz)
and the integrated PL intensity over more than five orders of magnitude
for both the high-energy and low-energy emission peaks, which
confirms the absence of nonradiative recombination at low temperature.
In contrast, at 300 K, the integrated PL intensity of the tetragonal phase
of CH;NH;Pbl; shows an overlinear dependence on the fluence. At
higher fluences, an enhancement in the carrier density leads to the sat-
uration of nonradiative recombination centers, which improves the ef-
fective internal quantum efficiency. No signature of reduction in
effective internal quantum efficiency was observed for the tetragonal
phase of CH;NH;Pbls, which suggests that Auger recombination plays
a minimal role under this fluence.

Temperature- and fluence-dependent time-resolved PL
From the fluence-dependent emission studies of CH;NH;Pbl;, we ob-
served the transfer of charge carriers from the high-energy (ortho-
rhombic phase) to the low-energy emission peak at 15 K. To further
unravel the charge transfer process and to understand the effect of tem-
perature and fluence on charge carrier dynamics in CH;NH;Pbl;, we
explored time-resolved PL.

With increasing fluence, the charge carrier lifetime (14, time at
which the maximum PL intensity reduces by a factor of 10) continu-
ously decreases in the low-energy emission peak (15 K) (Fig. 3, A and
B) as well as in the tetragonal phase (300 K) of CH;NH;PbI; (Fig. 3, E
and F). For a given fluence at 15 K, the charge carriers are relatively
long-lasting in the low-energy emission peak (Fig. 3A), as compared to
those in the high-energy emission peak (orthorhombic phase) (Fig. 3C).

Fig. 2. Fluence-dependent emission characteristics of CH;NH3Pbl; recorded at 15 and 300 K. (A) PL spectra of the low- and high-energy emission peaks as a
function of fluence recorded at 15 K. (B) Position of the low- and high-energy emission peaks as a function of fluence recorded at 15 K. (C) Intensity of the low- and
high-energy emission peaks as a function of fluence recorded at 15 K. (D) PL spectra of the tetragonal phase as a function of fluence recorded at 300 K. (E) Position of
the tetragonal emission peak as a function of fluence recorded at 300 K. (F) Intensity of the tetragonal emission peak as a function of fluence recorded at 300 K.
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