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ABSTRACT: We extracted the electronic disorder energy of the organic—inorganic
lead-halide hybrid perovskite CH;NH;PbBr; from temperature-dependent absorption
data. We showed that the disorder at room temperature is ~30 meV and is due to
strong electron—phonon coupling with the longitudinal-optical mode of energy 16
meV. This mode can be attributed to longitudinal-optical phonons of the inorganic
PbBr, frame; this conclusion highlights the polaronic nature of electronic excitations in
CH;NH;PbBr;. We showed that structural disorder is of the same impact as thermal
disorder. A temperature-dependence of the exciton binding energy was observed close
to the orthorhombic-to-tetragonal phase-transition temperature.
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H,NH,;PbX; (CH;NH; = methylammonium MA, X = C],

Br, I) organic—inorganic perovskites (OIP) are solution-
processable semiconductors, compatible with low-cost, low-
temperature fabrication. The thermodynamic stability of OIP
decreases in the sequence Cl > Br > I, MAPDI; is
thermodynamically unstable and degrades to Pbl, and MAI
over time." The band gap follows the same order Cl > Br> I, so
MAPDBCI; is not attractive as light absorber in solar cells.
Because of these trends, MAPbBr; is an excellent compromise
between thermodynamic stability and band gap (2.3 eV); as a
result, solar cells that use MAPDbBr; have high open-circuit
voltage and decent power-conversion efficiency, and can be
expected to exhibit long-time structural stability of the absorber
material.”

The fabrication of flat, pinhole free MAPbBr; films has
proven difficult. A variety of methods have surfaced that
produce dense films and tailor the film properties to a particular
application. For example, increase in grain size can increase the
energy conversion efficiency in solar cells,” but can decrease the
luminous efficiency of light-emitting diodes.* Which traits
characterize “good” or “bad” active layers are not clear. Studies
have correlated device performance with grain size,”* film
roughness,” and electronic disorder,”” among other parameters.
Remarkably, the electronic disorder obtainable from solution-
processing has been found to be low, rivaling inorganic
semiconductor that usually require high vacuum processing
from high purity materials (see Table S1).
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Here, we investigate the origin of electronic disorder in
polycrystalline MAPDbBr; thin films fabricated by direct, single-
step solution process. Temperature-dependent absorption
spectroscopy was used to distinguish structural (chemical)
from thermal disorder. Both types of disorder were low, so the
absolute magnitude of Urbach energy E, was ~30 meV at room
temperature (RT) with the dominating coupling being to the
lead-halide vibration mode of 16 meV. We report the
temperature-dependence of the exciton binding energy that
changes at the phase transition temperature Tpr = 150 K, which
is in good agreement with previous reports on the discontinuity
of the dielectric constant.®

Thin films of MAPbBr; were fabricated by mixing equimolar
portions of MABr and PbBr, to form a 40 wt % solution in
DMSO. The solution was spin-coated on cleaned glass in a
glovebox under N, atmosphere. Fast crystallization was
initiated by dripping chloroform during the spin-coating
process, resulting in flat, low surface-roughness, 400 nm thick
films free of pin-holes. Films were thermally annealed at 90 °C
for 10 min resulting in a polycrystalline film with surface
roughness R, < 30 nm and grain sizes following a normal
distribution with u + o of 400 + 170 nm (more details on the
film fabrication and characterization are presented in the Note
S1 and Figures S1—S4). Temperature was controlled using an
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Oxford instrument liquid nitrogen cryostat with the sample in
exchange gas (Oxford DN-2), and a custom-written temper-
ature-control program that equilibrated the temperature for 1
min after reaching the set temperature before the data were
collected. Absorption data were measured by a SCINCO S-
3100 multichannel spectrophotometer. For photoluminescence
measurements, a 405 nm pulsed (80 MHz, P < 0.4 mW) laser-
diode (PicoQuant GmbH, LDH-405) was used as excitation
source and the emission spectra were collected using a
StellarNet inc. BlueWave fiber coupled spectrometer.
Temperature-dependent absorption data are presented in
Figure la. A constant baseline was subtracted from the raw-
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Figure 1. (a) Temperature-dependent absorption of MAPbBr; at 80 <
T < 300 K. A constant baseline was removed from the raw data. (b)
the same data presented on a log-scale used for calculation of the
disorder energy. The intersection of fits for the temperature region
above 150 K (dashed lines) is marked.

data. On a logarithmic scale (Figure 1b) all linear trends of
absorption collected at T > 150 K intersected at E, = 2.25 €V,
corresponding to the lowest band gap theoretically achievable
in this material and phase and called Urbach focus. This value
agrees well with literature values,” and our own diffuse
reflectance measurements on single crystals of MAPbBr; (see
Figure SS). Data collected at T < 150 K show nearly parallel
lines; this is characteristic of structurally disordered materials.'’
For the low-temperature phase, the intersection lies close to E,
~ 2.0 eV.

The absorption data were used to calculate electronic
disorder effects in semiconductor materials. Electronic disorder
manifests 1tse1f in an exponential rise of the absorption edge in
the form"'

a(E, T) = aoexp[G(T)Ek_TEo]
B

(1)

where a is the absorption coefficient as a function of energy E
and absolute temperature T. a, E, ,and o(T) are treated as
fitting parameters. 6(T), usually roughly of order unity, is often
referred to as the steepness parameter and ky = 8.617 X 107°
eV K' is the Boltzmann constant. The Urbach energy is
defined as E, = kyTo (T)™". Compared with eq 1, E, is simply
the inverse slope of In (a(E, T)) below the excitonic peak.
Further, 6(T) is related to the average phonon energy 7w in
the model by Redfield and Dow as'>"*

o(T) = 00( ZI;CBOT )tanh(zz—wT) 2
B

If o follows eq 2, calculation of E, is physically meaningful.

We find that E, can further be partitioned into a structural
(or intrinsic) E, (x) and thermal E, (T) term by adopting the
model of an Einstein oscillator:"

E,(x, T) = Ey(x) + — 2
ew(7) -1 3)

where © is the characteristic temperature of an Einstein solid,
and is related to a Debye temperature by O = 40/3.
MAPDBr; undergoes a phase transition from orthorhombic
to tetragonal at 144.5 K, between tetragonal phases at 149.5
and 155 K, then to a cubic phase at >236.9 K.'* The phase
transitions are first-order, accompanied by large entropy
(order—disorder type), and the low-temperature orthorhom-
bic-to-tetragonal transition (at 144.5 K) is accompanied by a
discontinuity in the dielectric constant.” No discontinuity was
reported for the higher-temperature phase-transitions. The
tetragonal-cubic transition is accompanied by a continuous
change of lattice parameter.'> The phase transition leads to a
significant change in steepness parameter o(T) (Figure 2a)
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Figure 2. (a) Steepness parameter ¢ as a function of T. The solid line
is the result of fitting eq 2 at T > 150 K and the dashed line is the same
fit at temperatures below 150 K.E; 5 shows a discontinuity at the phase
transition temperature. (b) Disorder energy Ey as a function of T. The
solid line corresponds to a fit of eq 3 to at T > 150. The shaded area
represents the uncertainty (details given in Note S2).

accompanied by an increased phonon energy in the low-
temperature phase, whereas the overall disorder (Figure 2b) is
less affected because of the additivity of thermal and structural
disorder.

Generally, the trends in the data at 150 < T < 300 K, and the
limited number of data points mean that our results can only be
explained after careful comparison with the literature. The
coupling between charge-carriers and a longitudinal optical
(LO)- phonons with energy of 15.3 meV was reported
previously,'® which matches well with our lead-halide vibration
mode of ~16 meV. The origin of the increased value of phonon
energy in the orthorhombic phase can be understood as
follows; its ener@r matches the organic MA cation, but not the
inorganic cage.’ However, the MA cation is not directly
involved in electronic processes, because the band extrema are
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formed by Pb and Br orbitals."® It has been suggested that a
coupling mechanism between MA and the inorganic cage
exists.'” Neutron diffraction has revealed that in the low-
temperature phase (<150 K) the MA hydrogen forms hydrogen
bonds with Br.”® A detailed study of the MA-dynamics in
MAPDBr; by neutron inelastic scattering has confirmed that up
to 150 K energy is transferred between organic and inorganic
sublattice,”’ which agrees well with the temperature depend-
ence of o(T) observed here. This finding is further supported
by the lack of such a discontinuity in the related perovskite
structure CsPbBr;, where the organic MA cation has been
replaced by the isotropic, inorganic cesium (Figure S6).

A generally similar behavior has been reported for the related
material MAPbI3,22 in which the intrinsic disorder is of the
magnitude of 20—30 meV with ® = 200—350 K, which agrees
well with our data. The results of the disorder analysis (eq 2, 3)
below T = 150 K and above T = 150 K are summarized in
Table 1.

Table I. Results of Analysis of Disorder Energy for Phases of
MAPDBr; at <150 K (orthorhombic) and above >150 K
(tetragonal and cubic)”

E, E, ho
phase (meV) (meV) 0 (K) op(an.) (meV)
<150 K 14 +1 10+1 280 + 100 0.54 + 0.01 36+1
>150 K 12 + 4 36+ 3 335 + 60 0.40 + 0.01 16 + 2

“Error noted is the uncertainty of the fit alone and a lower bound. E,,
structural disorder; E,, thermal contribution to the disorder; ©,
characteristic temperature; o©,, steepness parameter; /i, phonon
energy.

Absorption data can be further analyzed. We extract band
gap energy E, and exciton binding energy E;, by deconvolution
of the absorption data in exciton and band (continuum)
contributions, in the framework of Elliott’s absorption theory
for excitons,” which we implement as recently applied to
MAPbBr;.** According to reports, the exciton binding energy in
MAPDBT; lies between 40 and 60 meV when studied by optical
spectroscopy (see also Table $2).**7*° Interestingly, no
temperature-dependence of E, has been previously reported,
although it had been suggested by calculation,”” and the
dielectric constant is discontinuous at the lowest phase-
transition temperature.” Considering that E, of an electron—
hole pair (in effective-mass theory) is inversely proportional to
the dielectric constant ¢ and directly proportional to the
effective mass 4, a dependence E, o u/e* can be expected.
Results of our data analysis are given in Figure 3a. In our
measurement, E, near the phase transition closely follows the
reported trend of the dielectric function.”'* Above 150 K, the
binding energy increases in a way not described by the
dielectric function alone. With the large difference between
static and high-frequency dielectric constant the strong
polarizability of the lattice and associated polaron effects play
most likely a role.”® We estimate the uncertainty AE, = 1 meV
based on the spread of values in a series of measurements
(details in Note S2).

We analyze the Stokes shift of our samples. OIP generally
show a small shift between PL emission and absorption peak.
Figure 3b shows absorption band gap and PL peak-center
energy. The total shift at RT is ~100 meV and the PL gradually
shifts away from the from the band gap, an effect previously
associated with phonon effects,” which is further exhibited in
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Figure 3. (a) Exciton binding energy Ej, as a function of temperature
as extracted from the excitonic part and the inverse square £ of the
dielectric constant.® The discontinuity of 7> agrees well with a change
in exciton binding energy at the phase transition temperature. The
total range of E, is small. (b) Plot of exciton peak position from PL
and band gap as a function of temperature T. The half-filled circles
show the difference of band gap E, and PL peak center energy: AE =
E, — Ep. (c) The Tauc band gap Egp‘ as a function of the calculated
Urbach energy resulting in two regions of linear dependence that
intersect at the phase-transition temperature 150 K.

continuous broadening of the PL peak with a characteristic
energy of 16 meV (Figure S9). Thermal quenching of PL
intensity (Figure S9) further supports the magnitude of our Ej,
= 60 meV.

Finally, we elucidate if structural and thermal disorder are of
equal influence on the charge carrier. This manifests itself in a
linear relationship between optical gap and disorder energy.”’
We calculate the optical band gap Eg* by Tauc’s method
assuming allowed direct transitions. Two regions exist,
separated by the phase-transition temperature (Figure 3c),
where Ej”* and E, have a linear relationship. Similar linear
relationships are found between the PL peak width, band gap
E; and E, (Figure S10). This indicates structural and thermal
disorder have equivalent influence on the electronic state.

In conclusion, we have shown that deposition of MAPbBr,
from a single-source precursor at RT leads to low structural
disorder and moderate thermal disorder, typical for MAPbX,
(X = halide) hybrid perovskites. The major source of thermal
disorder is the coupling with an LO-phonon mode of energy
E;o = 16 + 2 meV. The characteristic temperature of ® = 335
+ 60 K indicates that all phonon modes should be excited at
moderate temperatures. Relations between optical band gap
and E, are linear both below and above 150 K; this result
indicates that structural and thermal disorder contribute equally
to the total Urbach disorder. E;, extracted from the exciton line-
shape is ~60 meV and shows a discontinuity at 150 K, which is
the temperature at which MAPbBr; changes from orthorhom-
bic to tetragonal phase; this observation is consistent with the
discontinuity in the dielectric constant at that transition.
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We expect that the insight into the nature of electronic
disorder will guide further optimization of devices that use
MAPDBr;. Structural disorder obtainable from solution-
processed polycrystalline thin films is low and thermal effects
dominate the disorder at room temperature. We suggest that
further improvement of device performance can be achieved by
focusing on interfacial properties.
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