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ABSTRACT: Temperature-dependent photoluminescence (PL) spectroscopy measure-
ments have been performed over a range from 9 K to room temperature on
polycrystalline methylammonium (MA)/formamidinium (FA) lead iodide
(MA,_,FA,PbL;) perovskite thin films. Our low-temperature PL analysis reveals the
existence of charge compensating defects in MAPbI;, which may explain the lower net
free carrier concentration in MAPbI; perovskite. More interestingly, we observe the
suppression of the PL emission associated with the charged defects by appropriate FA
inclusion. Furthermore, FA incorporation into MAPbI; has been found to slow the phase
transformation of MA, ,FA Pbl; from orthorhombic to tetragonal phase, which occurs
with increasing temperature. Our analyses of the FA concentration’s impact on defect
density and structural phase transformation provide beneficial insights that improve the
understanding of the photovoltaic properties and application of organic—inorganic metal
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halide perovskites.

O rganic—inorganic metal halide perovskite materials offer
great promise in photovoltaic (PV) applications due to
their direct band gaps with large absorption coefficients,"” long
electron—hole diffusion lengths,l’3 low exciton binding
energies,” low-temperature solution processability,” and low
fabrication costs.” Although small-sized solar cells based on
metal halide perovskites have already reached a certified power
conversion efficiency of 25.2%,  intrinsic and extrinsic material
instability issues,*”'" along with other commercialization
challenges such as large-scale manufacturing,12 unstabilized
power output,”” and toxicity and environmental concerns,"*
have thus far prevented perovskite solar cells from joining the
more established commercial thin-film PV technologies, such
as cadmium telluride (CdTe) and copper indium gallium
diselenide (CIGS). Particularly, the lack of durability and
inconsistent power generation are the most critical technical
issues to be addressed before the full potential of perovskite PV
technology can be fulfilled. With the rapid advances of
perovskite PV technology, fundamental understanding of
perovskite materials enables crucial insights in support of
overcoming the remaining challenges.

Methylammonium lead iodide (MAPbI;) with a band gap of
~1.60 eV'" is the prototypical perovskite light-absorbing
material that was developed at the early stage and since then
has been extensively studied as the benchmark absorber layer
in single-junction perovskite solar cells. The advances in
perovskite PV technology were enabled by incorporating
formamidinium (FA) to the perovskite composition to make
mixed cation MA,_,FA Pbl; perovskites, which extends the
absorption edge to longer wavelengths and enhances the
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optoelectronic properties (e.g., carrier lifetime, diffusion
length) of perovskites,'® resulting in PCEs (>23%)"” higher
than the ~21% seen for pure MAPbI;."® Despite the enhanced
device performance, the intrinsic structural and optoelectronic
properties of MA,_,FA Pbl; (e.g, crystal phase transformation,
nature of the defects) that govern device performance and
stability have yet to be fully explored. Particularly, investigating
the temperature-dependent crystal phase transformation and
the optoelectronic properties of MA,_,FA Pbl; perovskite at
low temperatures allows for the understanding of not only the
fundamental semiconductor behaviors of MA,_,FA Pbl; per-
ovskites but also the device physics of perovskite solar cells.
Furthermore, exploring the optoelectronic properties of
MA, ,FA Pbl; over a wide range of temperatures and
particularly at low temperatures is of interest for their potential
use in space power applications.

With these considerations, in situ photoluminescence (PL)
spectroscopy has been employed to study the structural and
optoelectronic properties and phase stability of MAPDI,
perovskites.'”~*' Particularly for low-temperature PL measure-
ments, Dar et al. have revealed the coexistence of both
orthorhombic and tetragonal phases in MAPbI; utilizing low
temperature PL,”* whereas other reports correlated PL signals
based on the first-order thermodynamic phase transition of
MAPbI, that occurs at ~160 K.**** Phuyong et al. observed
exciton and free carrier emissions in polycrystalline MAPDI,
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Figure 1. (a) PL spectrum of MAPbI; at 9 K (at 17.6 mW-cm™2) and (b) PL spectra at various laser excitation intensities. (c) Integrated PL and
(d) emission peak energy vs laser intensity for three PL peaks observed for MAPbI,.

thin films at low temperatures.”* Such photophysics in
perovskites at various temperatures (and within the corre-
sponding phases) contributes to the understanding of
photoexcited charge carriers and may lead to improved
stability and power conversion efficiency for MAPbI; and
MA,_,FA Pbl; solar cells.

Low-temperature PL measurement can be used to
investigate the defects presented in semiconductors. Intrinsic
defects, such as lattice dislocations, grain boundaries (GBs),
surface/interface, and point defects, may trap photoexcited
charge carriers, leading to nonradiative recombination, reduced
carrier lifetime, and inhibited solar cell performance. Yang et al.
theoretically reported the presence of charge compensating
iodine vacancy (V;) donors and methylammonium vacancy
(Vpa) acceptors in MAPbI3.25 An important consequence of
charge compensating defects in MAPbI; is that the final free
carrier concentration often ends up very low. Such challenges
in controlling doping lead furthermore to near-intrinsic
MAPDI; behavior. Therefore, identification of defects and
their behaviors at various temperatures is essential to
understand and control the intrinsic and extrinsic doping,
which in turn play a significant role in transport and contact
performance of the final PV devices.

Here, we report the properties of intrinsic defects in
polycrystalline MA,_ FA, Pbl; films discovered via temperature
dependent PL spectroscopy from 9 to 290 K. Note that lead
thiocyanate [Pb(SCN),] additive was incorporated into the
perovskite films due to its beneficial impact on enlarged grain
size and passivation of GBs and thus also to enhance the PCE
of the resulting perovskite solar cells.'®*® We observed PL
peaks corresponding to orthorhombic and tetragonal phases of
MAPDI; at 9 K. More interestingly, a band-tail related defect-
assisted transition peak was observed in MAPbI;, which was
rarely reported previously in the literature. Furthermore, we
showed that the substitution of MA by FA at the appropriate
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concentration within MAPbI; suppresses the formation of such
defect states and slows the phase transformation.
Photoluminescence spectroscopy is one powerful technique
to study defect related sub-band gap luminescence emission in
semiconductors. Typically, temperature and laser excitation
intensity dependent PL studies are combined to identify the
nature of observed emission peaks in the spectrum. The
variations in temperature and excitation intensity alter the
thermal energy and the population of photogenerated charge
carriers and thereby determine the charge carriers’ propensity
to occupy either long-lived radiative defect sites or short-lived
nonradiative recombination sites. Figure 1 shows the results of
laser excitation intensity dependent PL spectra of a MAPbI,
film measured at 9 K. Figure la shows a typical PL spectrum
containing three emission peaks at 1.46, 1.56, and 1.65 eV,
respectively. In contrast to most reports in the literature with
the most intense peaks at 1.55—1.65 eV,”>*"*” our measure-
ment shows that the PL emission of MAPDbI; at low
temperatures is dominated by low energy emission at 1.46
eV. To further investigate the nature of these observed
emission bands, laser excitation intensity dependent PL spectra
were acquired (Figure 1b). For a semiconductor material,
integrated PL intensity (Ip,) typically follows a power law, Iy
= ...\, where I, is laser intensity, and k is the exponent. For
band-to-band (BB) and excitonic recombination, k falls in the
range of 1 to 2, whereas for defect assisted transitions [e.g,,
free-to-bound (FB) and donor-to-acceptor (DAP) recombina-
tion], k is less than 1.2573° Through power fitting of laser
intensity dependent PL data (Figure 1c), we obtained k = 0.93,
1.29, and 1.75 values for the peaks at 1.46, 1.56, and 1.65 eV,
respectively, indicating that the 1.46 eV peak represents a
defect assisted transition, whereas the 1.56 and 1.65 eV peaks
correspond to excitonic emissions. The exciton peaks at 1.56
and 1.65 eV correspond to the tetragonal (I4/mcm) and
orthorhombic (Pnma) phases of MAPbI,, respectively. Note
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that the higher k value for the orthorhombic phase than the
tetragonal phase shows stronger exciton characteristics in the
orthorhombic phase, consistent with the reports that both
exciton and free carrier features exist in low-temperature PL of
MAPbL,.*" Additionally, the coexistence of orthorhombic and
tetragonal phases in perovskites has been reported else-
where 203233

Figure 1d plots the variations in the peak locations as a
function of laser excitation intensity. The peak locations of the
two exciton emission bands remain constant with increasing
laser intensity. In contrast, the defect peak at 1.46 eV blue-
shifted with an increase in laser intensity at 16.6 meV/decade.
Such a large blue-shift (aka, j-shift) is the characteristic of a
band-tail (BT) related transition, which is widely present in
copper chalcogenide semiconductors (e.g, CulnSe, and
Cu,ZnSnS,) possessing a large number of charge compensat-
ing defect states.”**° In highly compensating semiconductors
consisting of similar amounts of donor and acceptor defects,
electrons from the donor sites recombine with holes localized
at the acceptor sites, leading to the coexistence of positively
charged donors and negatively charged acceptors at various
locations. As a result, spatially distributed charged regions
establish the fluctuating _Potential of the valence band and
conduction band edges.”” The potential fluctuations arising
from such charged defect states form localized trap states
within the band gap, resulting in the large j-shift.*® At high
laser excitation intensity, the increased concentration of free
carriers effectively screens the electrostatic potential of the
charged defects. This charge screening effect results in
flattening of the 7potential fluctuation causing a blue shift of
the defect peak.””*® Figure 2a represents the schematic of the
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Figure 2. Schematic illustration of band fluctuation in MAPbI,. (a)
Flattening of band-tail at high laser excitation intensity causing blue-
shift of band-tail related defect peak in MAPbI,. (b) Carriers
occupying lower energy states at the band-tail states with an increase
in thermal energy at low temperatures causing red-shift of band-tail
related defect peak in MAPbI;.

flattening of the band-tail arising from high laser excitation
intensity. Despite rarely being reported for low-temperature PL
measurements, the existence of compensating V; donors and
Vma acceptors in MAPDI; has been reported by previous
researchers.””*” Due to the high vapor pressures of its
decomposition products, MAPDI, is prone to loss of MA and
I components in the forms of methylamine and hydrogen
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iodide gases,” resulting in the formation of compensating V;
and Vyy, defects during the preparation and transfer of the
sample. It is also worth noting that intense light emission can
lead to the photoinduced decomposition of MAPbI,.*'
Particularly for polycrystalline MAPDI, thin films, these defects
are likely to form at the surface and GBs. As a consequence,
these charge-compensating donor and acceptor defects in
MAPDI; limit the carrier concentration and thus lead to the
intrinsic resistive nature of MAPDbIL;. Note that in this study
Pb(SCN), additive was incorporated into the MAPbI; film,
resulting in large grain size and better crystallinity (Figures S1
and S2). The PL emission of the MAPbI, film with Pb(SCN),
is more pronounced than that of the film without Pb(SCN),,
as shown in Figure S3, likely due to enhanced crystallinity and
reduced nonradiative recombination.

The PL emission features of MAPDI; were further
investigated via temperature dependent PL. Figure 3a,b,
respectively, show the temperature dependent PL spectra of
MAPbDI; and the corresponding peak shift as a function of
temperature. The defect peak (1.46 eV at 9 K) red-shifted
between 9 and 80 K and then blue-shifted above 80 K before
disappearing near 130 K. The red-shift of a PL peak followed
by the blue-shift at low temperatures with an increase in
thermal energy is typically observed in semiconductors with
charge compensating defects,’***** which further confirms
that the 1.46 eV defect emission is the consequence of a BT
transition. The red-shift is related to the thermal energy of
localized charge carriers. At low temperatures, an increase in
thermal energy associated with the rising sample temperature
allows the localized charge carriers to overcome local potential
barriers and move to the nearby lower-potential sites (Figure
2b). As a result of charge redistribution to lower energy states,
the quasi-Fermi levels move toward the center of the band gap,
lowering the peak energy of the BT band.*” The nature of the
blue-shift evident for T > 80 K is attributed to thermal
activation of defect-bound holes back to the valence band.*
The defect peak disappeared when the temperature was above
130 K due to the trap filling of the BT states by thermalized
charge carriers, indicating that the density of defect states in
the BT is low, which may be a reason that the defect PL
emission has rarely been reported in the literature.

The PL emission peak (1.65 eV at 9 K) arising from the
orthorhombically structured domains showed a blue shift with
increasing temperature, in opposition to the well-known
Varshni relation in which the band gap of a typical
semiconductor exhibits a red shift with increasing temper-
ature.”® The origin of the abnormal band gap shift with respect
to temperature is likely related to the spin—orbit coupling
enhanced electron—phonon interaction.**** The orthorhom-
bic peak disappeared at ~150 K, indicating a full conversion to
the tetragonal phase. In contrast, the tetragonal peak (1.56 eV
at 9 K) first blue-shifted until 100 K and then red-shifted up to
160 K. It has been noted here that above 150 K, there evolves
only one emission peak representing tetragonal phase of
MAPbI;, which confirms that the first order phase transition in
MAPbDI; occurs at ~150 K. This phase transition has been
observed and attributed to the dynamic order—disorder
arrangement of MA cations and the inorganic Pbl, octahedral
framework.” Figure 3b shows the evolution of two different
phases as well as the first order phase transition temperature
(~150 K) in MAPbI; perovskite.

To gain further insight into the observed defect peak, we
obtained PL dynamics utilizing time-resolved PL. Photoexcited
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Figure 3. (a) Evolution of PL spectra and (b) different phases of MAPbI, revealed by temperature dependent PL. (c) PL decays of MAPbI,
corresponding to different peaks at 9 K. (d) PL dynamics of MAPbI; at the defect site as a function of temperature.
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Figure 4. PL spectra of MA,_,FA Pbl; as a function of FA concentration acquired at (a) room temperature and (b) 9K.

carriers are found to be long-lived at defect sites with a mean
carrier lifetime of ~928 ns compared to the excitons (mean
lifetimes of 215 and 295 ns, respectively, for orthorhombic and
tetragonal peaks), as depicted in Figure 3c. The increased
carrier lifetime at defect sites can be attributed to the
localization of carriers at band-tails before recombination.*®
However, the band-tail recombination lifetime decreases with
increasing temperature due to the delocalization of carriers at
band-tails driven by higher thermal energy, as depicted in
Figure 3d. Furthermore, we found that the exciton lifetime
(215 to 295 ns) at 9 K is significantly shorter than that (470
ns) we reported previously for MAPbI, at room temperature.'®
The reduced nonadiabatic electron—phonon coupling and
shortened decoherence time are the reason behind longer
carrier lifetime of MAPDI; at a high temperature compared to
that at a low temperature.

To explore the influence of the organic cation composition
on the observed defect peak in MAPbI;, we have carried out
PL measurements of mixed cation MA,_,FA Pbl; at room
temperature and 9 K for x ranging from 0 to 1. It is known that
FA incorporation into MAPbI; narrows its band gap and
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increases carrier lifetimes, thereby resulting in enhanced
performance of MA,_ FA, Pbl; solar cells."® The defect analysis
of MA,_,FA Pbl; perovskite film is crucial to understanding
the origins of the improved optoelectronic properties. PL
spectra taken at room temperature (Figure 4a) show the band
gap dependence on FA concentration. Increasing FA content
(x) from O to 1 leads to a decrease in band gap from 1.61 to
1.51 eV, as shown in the inset of Figure 4a.

Interestingly, PL spectra acquired at 9 K (Figure 4b) show
that the PL intensity of defect emission (~1.46 eV) is greatly
quenched with the incorporation of even a small amount (5%)
of FA, and that the defect emission vanishes for x > 0.2. The
suppression of intrinsic defects in organic—inorganic metal
halide perovskite using mixed cations has also been reported
by Liu and Yam.*® One possible reason for the gradual
diminishing and disappearance of the band-tail related defect
peak could be the reduction of the Vy;, vacancies by FA
inclusion. Detailed investigations are ongoing.

For further confirmation, observed peaks in MA,_,FA Pbl,
for x = 0.2 and x = 0.3 were carefully studied by applying laser
intensity dependent PL measurement at 15 K, as shown in
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Figure 5. (a) PL spectra of MA,gFA,Pbl; at various laser intensities and (b) PL intensity vs laser intensity, (c) PL spectra of MAy,FA;Pbl; at
various laser intensities and (d) PL intensity vs laser intensity (e) Evolution of PL spectra and (f) different phases of MAy4FA,,Pbl; revealed by
temperature dependent PL. (g) Evolution of PL spectra and (h) different phases of MA,,FA,;Pbl; revealed by temperature dependent PL.

Figure Sa,c. Interestingly, MA,,FA,sPbl; shows a single peak
located at ~1.56 eV, whereas MA, ;FA,,Pbl; shows dual-peak
emission at 1.49 and 1.53 eV. All these peaks show k > 1 for
the emission—excitation intensity relationship, as shown in
Figure 5b,d, indicating exciton behaviors. The origin of the
distinct dual-peak emission in MA(;FA,,,Pbl, is still unclear. It
may originate from the nanodomains of different phases*” or
interactions between excitons and phonons®® or polarons.”'
Similar behaviors were observed in the laser intensity and
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temperature dependent PL results of pristine FAPbI; (x = 1.0)
(Figures S4 and SS). Since no defect peak was observed in
MA,_,FA,Pbl; for x
appropriate amount of FA in MAPDI; can suppress the
formation of charged defect states in MAPDI,.

Furthermore, we have studied the impact of FA inclusion on
the crystal phase of MA,_ FA Pbl; via temperature dependent
PL (Figure Se,g). Like MAPbI;, orthorhombic to tetragonal
phase transformation is first order (Type-I) in the case of

> 0.2, here we confirm that mixing an
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MA, sFA,,Pbl;, while further increase in the FA concentration
to x = 0.3 was found to slow down the phase transformation,
resulting in a Type-II transition as shown in Figure 5fh. Since
the geometry and symmetry of FA* are more flexible than
those of MAY, the addition of FA into MAPbI; lowers the
lattice distortions, particularly at low temperatures.””>” Such a
reduced lattice distortion may be attributed to type-II phase
transition in MA,,FA,;Pbl,.

In summary, low temperature PL analysis has been
performed on polycrystalline MA,_,FA,Pbl; films. Our analysis
reveals the existence of charge compensating defects in
MAPDbI; at low temperatures, which may describe the intrinsic
nature of MAPDI; perovskite. More interestingly, we observe
that FA inclusion results in the suppression of charged defect
PL emission. Additionally, incorporation of FA into MAPbI;
slows down the phase transformation (orthorhombic to
tetragonal). The detailed defect analysis and phase trans-
formation information revealed by our PL and TRPL studies
may be beneficial in improving the optoelectronic properties of
organo-metal halide perovskites and the performance of their
PV devices.

B EXPERIMENTAL DETAILS

Perovskite Precursor Solution Preparation. The
MAPDI; perovskite precursor solution was prepared by
dissolving 1.43 M equimolar lead iodide (Pbl,, Alfa Aesar,
99.9985%) and methylammonium iodide (MAI, Greatcell
Solar) in N,N-dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) (volume ratio = 9:1). A small amount
(3% molar ratio to Pbl,) of lead thiocyanate [Pb(SCN),,
Sigma-Aldrich, 99.5%] was added into the precursor solution
as an additive.”* The FAPbI, precursor solution was prepared
by dissolving 1.43 M equimolar Pbl, (Alfa Aesar, 99.9985%)
and formamidinium iodide (FAI, Greatcell Solar) in mixed
DMF/DMSO (volume ratio = 9:1). The MA,_,FA Pbl,
perovskite precursor was prepared by mixing the desired
quotas of MAPbI; and FAPDI; solution.

Perovskite Film Preparation. The perovskite precursor
solution was filtered using a 0.45 mm PTFE filter and dripped
onto soda-lime glass substrates. The solution was spin-coated
at 500 rpm for 3 s and 4000 rpm for 60 s. At ~8 s of the
second spin step, 700 L of diethyl ether was dripped on the
spinning substrate. The coated substrates were then annealed
at 60 °C for 2 min and 100 °C for 5 min in a nitrogen
glovebox.

PL Characterization. For steady-state PL, a 532 nm
continuous wave laser beam (beam diameter ~90 ym) was
used for the photoexcitation. Temperature dependent PL
measurements were carried out by mounting the sample on the
coldfinger of a He closed-cycle refrigerator cryostat system
from Advanced Research Systems. PL signal was detected by a
Horiba Symphony-II CCD (charged coupled device) detector
after a 300 g/ mm grating monochromator. PL measurements
were performed using laser intensity in the range of ~2.74 to
61.8 mW-cm ™2 TRPL measurements were carried out utilizing
time correlated single photon counting module (TCSPC).
Samples were illuminated by a 532 nm pulsed laser (pulse
width = S ps, beam diameter ~150 ym) at 1.4 X 10'° photons-
pulse'-cm ™. Radiative recombination events were detected by
APD/PMT hybrid detector (integration time = 300 s).
TCSPC decay curves obtained in TRPL measurement were
fitted by iterative reconvolution with the measured system
response function.
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