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ABSTRACT: The fundamental opto-electronic properties of organic—inorganic hybrid
perovskites are strongly affected by their structural parameters. These parameters are
particularly critical in formamidinium lead iodide (FAPbL,), in which its large structural
disorder leads to a non-perovskite yellow phase that hinders its photovoltaic performance. A
clear understanding of how the structural parameters affect the opto-electronic properties is
currently lacking. We have studied the opto-electronic properties of FAPbI; using microwave
conductivity measurements. We find that the mobility of FAPDbI, increases at low temperature
following a phonon scattering behavior. Unlike methylammonium lead iodide (MAPbL),
there are no abrupt changes after the low-temperature 3/y phase transition and the lifetime is
remarkably long. This absence of abrupt changes can be understood in terms of the reduced
rotational freedom and smaller dipole moment of the formamidinium, as compared to

methylammonium.

B INTRODUCTION

The opto-electronic properties of organic—inorganic metal
halide perovskites strongly depend on their composition and
the degrees of freedom within the structure."” Interactions
related to the motion of the organic cation, soft rotation of the
inorganic octahedra, and the stereochemistry of Pb** have been
shown to affect properties such as the mobility of charges,””
charge carrier lifetime,” > band gap,””” geometry of the unit
cell,' and dimensionality of the crystal structure.”' """ The
latter effect is critical in formamidinium lead iodide (FAPbI;) as
it can lead to the formation of a non-perovskite yellow phase
that hinders its photovoltaic performance.'”"> Replacing
methylammonium (MA) by formamidinium (FA) appears a
straightforward alternative as it leads to a decrease in the band
gap of FAPDI; to 1.47 eV and therefore an improvement in the
absorption in the infrared 1region.15’_20 However, the formation
of the non-perovskite yellow phase decreases the stability and
solar cell efficiency and complicates the understanding of its
intrinsic opto-electronic properties.”"”* Studies to clarify the
intrinsic opto-electronic properties of FAPbI; are limited.
Photoluminescent measurements at room temperature have
shown that the diffusion length of the charge carriers is
considerably longer in FAPbX; than in MAPbX; (X = I, Br)
perovskites.'”?***~*>  Furthermore, based on a line-width
analysis of photoluminescence measurements, it has been
argued that charge transport is dominated by scattering from
optical phonons (Frohlich interactions) instead of acoustic
phonons as has been assumed ealier for MAPbX,.”® Currently,
there are no studies that focus on properties such as charge
mobility and recombination mechanisms as a function of
temperature. Moreover, no studies have been reported that
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relate changes in these properties to the presence of the organic
cation within the perovskite structure.

The reorganization of the organic cation in the perovskite
lattice of MAPDI; has a large influence on the crystal phase
geometry,'’ the charge carrier dynamics (mobility and
recombination mechanisms),”™> and the optical-electronic
transitions (direct—indirect band gap®’, Rashba splitting”).
Replacing MA by FA should affect the reorientation of the
organic cation due to the larger size and smaller dipole moment
of FA. Indeed, it has been calculated that the time constant for
the rotation of FA is 1 order of magnitude longer than that for
MA.””*® This is consistent with the larger size of FA, which
reduces its rotational freedom in the structure. In addition,
temperature dependent dielectric measurements show that,
compared to MAPDI,, the static dielectric permittivity (&,’) of
FAPDI; is lower and has a negligible temperature depend-
ence.”” ™" This is consistent with the smaller dipole moment of
FA.”" Moreover, at temperatures below the tetragonal (f) to
orthorhombic (y) phase transition, the ¢, of FAPbI; continues
increasing while in MAPbIL; abruptly decreases.”” ™" This
means that the rotational freedom of FA is maintained and is
less affected by temperature than the rotational freedom of MA,
which is drastically reduced at low temperatures.”’ We have
shown recently that, in the low-temperature orthorhombic
phase of MAPbI;, where the MA orientation is static, the charge
carrier mobility and lifetime abruptly increase.” This behavior is
attributed to the formation of polar charged domains that
increase charge separation and reduce recombination.” ™ In this
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Figure 1. Radiation induced conductivity for the black FAPbI; material as a function of time using a 0.2 ns electron pulse (a), charge carrier mobility
as a function of temperature (b), and long-time decay of the carrier lifetime (c).

work, we have studied the temperature dependence of the
mobility and lifetime of charge carriers in FAPbI; using time-
resolved microwave conductivity measurements, coupled with
generation of charges by irradiation with high-energy electrons
(PR-TRMC). We show that the charge carriers mobility of
FAPbI; increases at low temperature following phonon
scattering behavior (u ~ T'*). Interestingly, in contrast to
our previous results for MAPbI,,” we do not observe sudden
changes in the mobility and lifetime of charge carriers at
temperatures below the f/y phase transition. We attribute this
to the persisting rotational freedom of FA in the orthorhombic
phase. As FA does not become fixed in the structure, it does not
form charged domains that suddenly increase the mobility and
lifetime at the phase transition. The much smaller dependence
of the orientational freedom of FA on temperature is primarily
related to the smaller dipole moment of FA, compared to MA.
This work confirms that the charge carrier dynamics in hybrid
perovskites are affected by the intrinsic properties of the
organic cation and its interaction within the structure.

B EXPERIMENTAL SECTION

Starting Materials. All chemicals were purchased from
Sigma-Aldrich and used as received. Formamidinium iodide
(FAI) was synthesized by neutralizing equimolar amounts of 57
wt % aqueous hydriodic acid (HI) and 99 wt % formamidine
acetate salt (HN=CHNH,-CH,COOH) at 0 °C for 1 h. The
white precipitate was collected by evaporation of the solvent
using rotary evaporation at 50 °C under reduced pressure. The
precipitate was washed three times with diethyl ether by pump
air filtration, recrystallized in ethanol, and dried under vacuum
for 24 h before use.

FAPbI; Synthesis. The precursors HC(NH,),I and Pbl,
(99.999%) were mixed at a molar ratio of 1.5:1 and dissolved in
anhydrous DMF at varying dilution rates (40, 20, 10 wt %, 0.88
M). This molar ratio was used in order to obtain pure
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perovskites phases. The solutions were ultrasonically stirred for
15—30 min to ensure complete dissolution. The resulting
precursor solution was placed in a vacuum oven at 10~> mbar
and heated in steps of 10 °C every 20 min up to 130—140 °C.
After the maximum temperature was reached, the samples were
left 30 min in the vacuum oven in order to ensure the complete
evaporation of the solvent and annealing of the perovskite
crystals. Higher temperatures are undesirable as this induces
thermal degradation. The 0.88 M dilution assured the synthesis
of the FAPbI; black phase. This polycrystalline phase is stable
in dry air but interconverts to the yellow phase in a couple of
weeks. The black phase can be recovered heating the crystals to
140 °C for 30 min.

Preparation of PR-TRMC Sample Holders. A small
amount of FAPbI, (~40 mg) is placed in a polyether ether
ketone (PEEK) holder and covered by poly(methyl meth-
acrylate) (PMMA) dissolved in chlorobenzene (10 mg/mL).
The PMMA layer protects the samples from the environment
and diminishes the background conductivity (which affects the
PR-TRMC measurements).

PR-TRMC Measurements. In the PR-TRMC setup, the
sample holder is placed in a microwave cell. Subsequently, the
microwave cell is placed in a cryostat where the temperature
can be varied between —150 and 200 °C. The temperature is
maintained for ~15 min before every measurement to ensure
the equilibrium of the system. The irradiation intensity was
varied between pulse lengths of 200 ps and 1 ns for each
temperature at a frequency of 32 GHz. The frequency scan
(28—38 GHz) fits were measured at a pulse length of 200 ps.

DFT Calculations. All DFT calculations were performed
with the BAND program included in the Amsterdam Density
Functional suite. During the calculation, the experimental
geometry was used. The electronic structure calculations were
performed using a triple-¢ basis set (TZP) and without using
frozen cores. The PBEsol functional was used to account for
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exchange and correlation. Relativistic effects were included via a
scalar correction of the ZORA. The effective masses were
calculated using the internal capabilities of BAND.

B RESULTS AND DISCUSSION

We prepared micrometer crystals of FAPbI; from an anhydrous
DMF solution (0.88 M) by evaporation of the solvent under
reduced pressure (107> mbar). We optimized the synthesis
conditions in order to isolate black a-FAPbI; (see XRD in
Figure S1). The black a-FAPbI, phase was obtained and
stabilized at higher temperature (160 °C for at least 1 h) in
comparison to the yellow phase (140 °C). This procedure is in
agreement with the literature, where the black phase is
stabilized at 185 °C for 1 h under ambient pressure
conditions.””*> The black a-FAPbI; crystals remain in this
phase at room temperature for 7—15 days before converting to
the yellow phase. The crystals were placed in a polyimide
container and sealed with a PMMA layer deposited from a 10
mg/mL solution in chlorobenzene to avoid degradation.

The charge carrier mobility and charge recombination
mechanisms were studied by Pulse-Radiolysis Time-Resolved
Microwave Conductivity (PR-TRMC) experiments. In this
technique, charge carriers are generated by irradiating the
sample with a short pulse of high-energy electrons (3 MeV). If
the free charge carriers generated in this way are mobile, this
results in a fractional absorption of microwave power reflected
by the cell that is directly proportional to the change in
conductivity of the material studied (eq 1)

AP = AAc

P (1)
where P is the incident microwave power, Ao is the change in
conductivity on generation of charges, and A is a sensitivity
factor that is dependent on the geometry of the measurements
cells and the dielectric properties of the sample.

The use of a short pulse of high energy electrons to generate
charge carriers has several advantages over photogeneration of
charges. First of all, electron—hole pairs are generated with a
large distance between the opposite charges, larger than the
Coulomb radius. Second, the electron—hole pairs are generated
at a relatively low concentration with a uniform profile
throughout the material. This differs from generation by laser
excitation, such as that used in PL and tera-Hertz spectroscopy,
where opposite charge carriers are generated close to each
other with a rather steep concentration gradient. These
differences are critical for temperature dependent measure-
ments, since, at low temperatures, charge carriers generated by
photoexcitation cannot dissociate due to the formation of a
bound exciton.”* Using high-energy electrons, we can
determine the temperature dependence of the conductivity
and charge carrier mobility independent of the excitation
wavelength and exciton binding energy of the material studied.

Typical conductivity transients for black FAPDbI, as a function
of temperature are shown in Figure la. The conductivity
increases during the pulse as mobile charge carriers are
generated, and subsequently decreases as the charge carriers
recombine or become trapped. In Figure 1la, it is seen that, for
black FAPDI;, the change in conductivity at the end of the pulse
increases as the temperature decreases. We estimate the
mobility knowing the initial concentration of charge carriers
at the end of the electron pulse (NP(O)) according to eq 2.
N,(0) is a function of the irradiation energy deposited per unit
volume of the sample. The mobility determined (u) is the sum

of the mobilities for electrons and holes and is shown in Figure
1b. A more detailed description of this technique can be found
in previous studies.”**~>*

Ac=c¢ Z Np(O)y = e(npu + npyp) @)

We determined that the charge carrier mobility of black
FAPbL, is ~2.5 cm?/(V's) at room temperature (Figure 1b).
This value is lower than that determined for thin films by tera-
Hertz (~27 cm?/(V-s)) but comparable to values derived on
the basis of photoluminesce experiments (y;, = 3.5 cm*/(V-s)
and p, = 0.2 cm?/(V:s)).* For single crystals, Space-Charge-
Limited Current (SCLC) experiments have also resulted in a
higher charge mobility (y;, = 35 cm?/ (V-s)).*>® The lower value
that we obtain here may be related to the polycrystalline nature
of our crystals (see Figure S2 in the Supporting Information
(SI)). In addition, we observe that the charge carrier mobility
increases as the temperature decreases, up to ~9.5 cm*/(V-s) at
—150 °C. As a comparison, we show that the charge carrier
mobility of black FAPbI; is 2 orders of magnitude higher than
that for the yellow FAPbI, (0.009 cm?/(V-s) at 20 °C). This is
fully consistent with DFT calculations that show that the
effective masses of electrons and holes in the yellow phase are
3—10 times higher than those in the black phase (Table S1 in
the SI). The increase of the charge carrier mobility of black
FAPDbI; with decreasing temperature follows the acoustic
phonon—electron scattering (lattice vibration) trend of classic
semiconductors such as silicon (g ~ T7'°) at all the
temperatures measured.*® Interestingly, in contrast to previous
work on MAPbL;,” we do not observe a deviation from this
phonon-scattering trend at temperatures below the tetragonal
(B) to trigonal (y) phase transition (—133 o,

We have also studied the charge carrier lifetime of FAPbI; as
a function of temperature. In Figure 1a, we observe that, even at
room temperature, the carrier lifetime of FAPbI; is long and
does not significantly decay in the first 200 ns. In Figure 1c, the
conductivity decay is shown on a logarithmic time scale, where
it can be seen that the carrier lifetime increases from ~600 ns at
room temperature to over 2 ps at —150 °C. These lifetimes can
be compared to carrier life times obtained from photo-
luminescence measurements that have been shown to give
lifetimes ranging between 100 and 600 ns at room temperature
for FAPbI;, depending on the preparation method of the
sample.”>™> We fit the decay and use the charge carrier
mobility determined to estimate a carrier diffusion length of ~1
pum. This value is comparable to that of FAPbI; polycrystalline
thin films (3.1 pm)**** and single crystals (6.6 um).”>*> We
made the same analysis for similar samples of MAPDI,,
determining a carrier diffusion length of ~0.6 um (see Figure
S3 in the SI). Similar to previous photoluminescence studies,
we find that, at room temperature, the carrier lifetime of
FAPbI, is longer than that in MAPbI,.'"****7> We believe
that the longer carrier lifetime of FAPbI; is caused by the
reduced rotational freedom of FA as compared with MA. It has
been shown, both experimentally and theoretically, that the
time for the rotation of MA is ~0.3 ps for a wobbling-in-a-cone
motion and ~3 ps for 90° jumps.”’ In the case of FA, the
theoretical rotation is ~2 ps for the rollover process.”® This
slower rotation leads to polar rotations and distorted domains
that also distort the inorganic cages, ultimately facilitating
charge separation and reducing recombination.” In addition,
we do not observe an abrupt increase of the carrier lifetime of
FAPDI, at temperatures below the 8/y phase transition. In fact,
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Figure 2. Experimental (a, b) and kinetic model fit (¢, d) pulse length dependence of FAPbI; at room and low temperature.

the increase of the carrier lifetime of FAPbI; at low temperature
is not large. The standard deviation of the time constants,
obtained by fitting the decay, is only of 47 ns over the whole
temperature range (see Figure S4 in the SI). These results
confirm that, at temperatures below the y phase transition,
neither the charge carrier mobility nor lifetime of FAPbI,
abruptly increase as it occurs for MAPDI;.

For hybrid perovskites (MAPbI; and FAPbL;), the depend-
ence of the charge carrier dynamics on temperature have been
mainly related to phonon scattering mechanisms dominated by
interactions between charge carriers and optical phonons
(Fréhlich interactions).””*” However, the influence of only
Frohlich interactions does not explain the low charge carrier
mobility of hybrid perovskites (compared to inorganic
semiconductors with similar Frohlich coupling strengths),”***
neither the abrupt increase of the charge carrier mobility and
lifetime of MAPbI, at temperatures below the tetragonal () to
orthorhombic (y) phase transition.”*® This latter effect has
been related to the fixed orientation of MA in the y
phase,””*”*? which leads to strong polar domains that increase
charge separation and reduce recombination.” In the case of
FAPDI;, the mobility and lifetime of FAPbI; do not abruptly
increase in the y phase. This is consistent with the persistent
reorientation of FA in the y phase observed by dielectric
experiments.”’ The static dielectric permittivity (g,’), which
indirectly probes the motion of the organic cation, does not
decrease on going through the f/y phase transition and
continues increasing in the y phase.”’ The reorientation of FA
is mildly inhibited at these temperatures.”* The low &, and its
minimal dependence on the temperature are consistent with
the small dipole moment of FA.>" This behavior is completely
opposite to MAPDI,, in which the ¢, abruptly decreases due to
the reduced rotational freedom of MA on going through the f/
7 phase transition.”’ Comparing the present experiments on
FAPbI;, with our previous work on MAPDIL;, we have clearly
shown that the charge carrier dynamics are strongly dependent
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on the nature of the organic cation. We believe that the
vibrational mechanisms are affected by the organic cation
rotation (dipole scattering) within the structure.”*® This
interaction strongly depends on the intrinsic properties of the
organic cation, such as size and strength of dipole moment.

In addition, with PR-TRMC, it is possible to vary the initial
concentration of charges (varying the length of the electron
pulse) to obtain information about trapping, recombination
processes, and carrier lifetimes from the temporal decay of the
conductivity. In Figure 2ab, we show the experimental
conductivity as a function of time at 20 and —130 °C, varying
the pulse length between 0.2 and 0.5 ns. This results in initial
concentrations between 6 X 10'* and 3 X 10" cm™. This
generation rate is lower than with a 1.5 AM solar simulator
(10" cm™3).*"** Nevertheless, it allows us to study the
dynamics at conditions that are not feasible with a laser-TRMC
or THz experiments (10-10"® cm™). In Figure 2ab, we
observe that the conductivity at the end of the pulse increases
with the initial concentration, while the lifetime becomes
shorter. This behavior is similar to that previously reported for
MAPbX; (X = I, Br).” In our previous work,” we proposed that
the dynamics can be explained by second-order recombination
with the presence of a limited concentration of trap states for
either the electron of the hole. We use the same kinetic model
for the decay of charge carriers to determine the trap
concentration, rate of recombination of each process, and
mobility (Table 1).°

In Figure 2¢,d, it is seen that the kinetic model reproduces
the main features of the conductivity as a function of
temperature. In general, the results of the fits are similar as
for MAPbI,.” The mobility of the individual charges (electrons/
holes) determined by our fits are similar to the electron
mobility being slightly higher. This is in agreement with our
DFT band structure calculations (Table S1 in the SI). In this
analysis, we assumed that the electrons become trapped;'>*
however, the nature of the traps is not known. The
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Table 1. Kinetic Fitting Parameters for FAPbI; at 20 and
—130 °C

FAPbI,

description/temperature (°C) 20 —-130
mobility: e”/h* [em?/(V's)] 2.7/1.8 7.0/6.5
generation yield (k;) [1/cm®/nC] 1.65 x 10" 1.65 X 10'
second-order recombination rate (k,) 3.50 X 1072 6.50 x 10710

[em?/s]
second-order trap filling rate (k;) [cm®/s] 2.00 X 107°  3.00 x 1077
second-order trap emptying rate (k,) 2.00 X 107 8.00 X 107*°
trap state concentration N, [1/cm®] 9.00 x 10" 7.80 X 10™

concentration of traps determined, ~8 X 10" cm™, is in

agreement to previous work under similar conditions,® but is
substantially larger than that for single crystals (1.13 X 10"
cm™) as determined by SCLC.”> This high concentration of
traps shows that the second-order trap-filling (k;) process is
dominant here. Taking the product of the trap concentration
and the second-order rate constants above results in quasi-first-
order trapping rates of 1.8 X 10°s™" at 20 °C and 2.3 X 10%s™"
at —130 °C. This rate increases with temperature pointing to
charge recombination with ionized impurities.** The rate for
second-order recombination of free electrons and holes (k,)
decreases as the temperature decreases from 3.5 X 107 cm®s™!
at 20 °C to 6.5 X 107'% cm® s7™' at —130 °C. If this process
would be limited by (homogeneous) charge transport, an
opposite trend would be expected here: faster recombination at
higher charge mobility. This shows that recombination in these
materials exhibits a complicated temperature dependence in
which the local dielectric environment of the charges plays an
important role. Because of the disorder in the mutual
orientations of the slightly dipolar formamidinium cations, a
disordered energy landscape is present.”> This disorder may
result from both the electric field due to the orientation and
position of the FA cation and from local distortions of the Pb-I
lattice caused by this. At lower temperature, the rotational
motion of the organic cation is reduced, resulting in a different,
more static disorder, which may lead to the formation of
separate domains for the positive and negative charges, leading
to slower recombination. We have previously reported such
behavior also for methylammonium-based lead perovskites,’
however, in this case the effect was much stronger and a very
abrupt change in both the charge mobility and the carrier
lifetime was observed at the phase transition between tetragonal
and orthorhombic phases. In the present case, due to the very
small dipole moment of FA, the effect is smaller and much
more gradual, however, the results do show that also in this
case the orientational disorder of the organic cation plays a role
in the recombination kinetics of the charges.

B CONCLUSION

In this work, we have shown that the interaction of the organic
cation with the structure has a large influence on the charge
carrier dynamics of perovskite materials. Depending on the
rotational freedom and dipole moment of the organic cation,
properties such as the mobility, lifetime, and recombination
rates will be affected. In FAPDL;, the reduced rotational freedom
of FA makes its lifetime longer than the lifetime of MAPbI;. At
the same time, these reduced rotational freedom and smaller
dipole moment make the mobility and lifetime more
independent to changes in temperature and phase transitions
than for MAPDL,.
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