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Abstract

The carrier transport and optical properties of the hybrid organic-inorganic perovskite
CH3;NH;Pbl; are investigated using first-principles approaches. We found that
electron and hole mobilities could reach surprisingly high values of (7 ~ 30) x 10°
and (1.5 ~ 5.5) x 10° cm*/V-s, respectively, and the both are estimated to be much
higher than the current experimental measurements. The high carrier mobility is
ascribed to the intrinsically small effective masses of anti-bonding band-edge states.
The above results imply that there is still space to improve the performance of related
solar cells. This material also has sharp photon absorption edge and absorption
coefficient as high as 10° cm™', both of which contribute to effective utilization of
solar radiation. Although band-edge states are mainly derived from the inorganic ions
of Pb and I, the thermal movement of organic base has indirect influences on the
bandgap and carrier effective masses, resulting in the temperature-dependent solar
cell efficiencies.

1. Introduction

Dye-sensitized solar cell is considered to be one of the most promising third-generation photovoltaic cells,
owing to their high efficiency, low cost, and simple printing fabrication process. Although the related researches
date back to the 1920s," the cell efficiency was below 12% for a long time.>” Recently, a major breakthrough is
achieved in the organic-inorganic hybrid solar cells, i.e., the emerging methylammonium lead iodide (CH;NH;Pbls)
with perovskite structure.*® The cell efficiency is as high as 19.3%,” which is comparable to the best record of 20.3%
for the Cu(In,Ga)Se, cell.'’ Such a high cell efficiency is ascribed to the long diffusion length®’ and the large
absorption coefficient."

Considerable efforts have been devoted to the microscopic mechanism of the superior performance in the
fundamental research community. For example, first-principles investigations found that the separation of
electron-hole pair can be effectively assisted by the spontaneous electric polarization in these hybrid materials,
which is induced by the organic base.'” It was also found that the carrier diffusion length can be affected by the
unusual defect properties, which is strongly correlated with the anti-bonding coupling between Pb-6s and I-5p
states at the valence band maximum (VBM)."” Experimental research showed that the electron-hole diffusion
length in mixed halide CH3;NH;Pbl;,Cl, is around one micrometer, one order of magnitude greater than its
absorption length.® Such long diffusion length is beneficial for the effective separation and collection of the
photon-excited carriers. Generally speaking, the extremely long diffusion length should imply high carrier mobility
and/or low recombination rate of the electron-hole pairs. However, the measured electron mobility is only 66
cm?/V-s for perovskite CH;NH;3Pbl;, which is rather smaller than expected, compared with 2320 cm?/V-s in
CH;NH;Snl;. "

Earlier experiments also confirmed that the absorption coefficient of CH3;NH;Pbl; is as high as 10° cmﬁl,
which is comparable to those of GaAs and Cu(In,Ga)Se,."' The high absorption coefficient explains the reason that
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thin absorber films can suffice for practical perovskite solar cells.*’ Indeed, the observed high photoluminescence
quenching (>90%) is a strong manifestation of efficient charge transfer from CH;NH;Pbl; to PCs;BM (abbreviation
for [6,6]-phenyl-C¢;-butyric acid methyl ester) at the interface.”” Moreover, the optical bandgap of 1.5 eV also
ensures an optimal utilization of the solar spectral irradiance for a single junction solar cell.'®

In this work, we investigated the carrier transport properties using approaches based on the deformation
potential theory.'” Furthermore, we also calculated the optical absorption coefficient. The intrinsic carrier mobility
and photon absorption are found to be rather high in perovskite CH;NH;Pbl;, which partly explains why the solar
cells can achieve such high efficiencies. Finally, we discussed the indirect influence of thermal movement of the
organic base on the transport and optical properties by tuning the Pb-I framework. That effect of organic base leads
to temperature-dependent solar cell efficiencies.

2. Computational details

The structural and electronic properties are investigated using the plane-wave projector-augmented wave
metho 2021 We employed 4x4x4
Monkhorst-pack k-meshes”” for structural relaxation and electronic properties calculations. For structural relaxation,
we used the van der Waals density functional (vdW-DF)> in the form of optB86b-vdW** to calculate the dispersion
interaction between the organic base and the Pb-I framework. The electronic properties are comparatively
investigated by using the Perdew-Burke-Ernzerh (PBE)” functional and the modified Becke-Johnson (mBI)
potential ***’ Because near-edge states contains considerable heavy p-electrons from the Pb and I elements, the
spin-orbit coupling (SOC) effect is taken into consideration. Starting from the above obtained band structures, we
further investigated the carrier transport and optical properties. The carrier mobility is calculated using deformation

d"™" as implemented in the Vienna ab initio simulation (VASP) package.

potential theory.'” Optical absorption properties® are calculated using the independent particle approximation as
implemented in the all-electron WIEN2k code’' with much denser 20x20x20 k-meshes.

3. Results and discussion
3.1. A brief introduction to the structural properties

Before presenting the results, we first introduced the structural properties of three phases of CH3;NH;Pbl;.
Whereas the Pb-I octahedra forms the framework of perovskite, the large organic base CH;NHZ (i.e., the A-site
cation in the standard ABOj; perovskite) occupies the void formed by adjacent octahedra. The organic base interacts
with the Pb-I inorganic framework through the dispersion interaction between methyl and iodide ions. Because the
vdW force is relatively weak, such bonding can be easily destroyed by, for example, temperature effect. As a result,
CH;NH;PbI; transits from orthorhombic phase to tetragonal phase at 161.4 K, and further to cubic phase at 330.4
K,** which is mainly due to the strong dynamic movement of the organic base. The primitive cells have 48, 48, and
12 atoms for the orthorhombic (a = 8.490, b = 8.948, ¢ = 12.556 A), tetragonal (a = b = 8.851, ¢ = 12.444 A), and
cubic (@ = b = ¢ = 6.276 A) phases, respectively. In order to make a straight-forward comparison of the three
systems, we reconstructed the cubic structure by doubling the lattice ¢ (i.e., ¢’ = 2c) to reflect similar symmetry
with the orthorhombic and tetragonal counterparts and the resulting structure (@’ = b’ = ¢'/v2 = 8.876 A) is
taken as “pseudo-cubic” phase, presenting the orientations of organic base different but keeping the sub-lattice of
Pb-I framework cubic phase.

Experimentally, the orientations of the organic base in the high-temperature tetragonal and cubic structures
cannot be well resolved due to the thermal movement of the organic base. In our work, the theoretical crystal
structures are obtained by optimizing ion positions with lattice parameters fixed to the experimentally values. As a
result, the thermal movement (or orientational disorder) effect of organic base is partially considered in our
structures. In other words, the simple approximation to the crystal structure is inadequate to fully explore the
thermal movement effect and thus the detailed influences on the carrier transport and optical properties. However,
we argued that the transport and optical properties are mainly determined by the Pb-I interactions. And the thermal
movement effect will be briefly discussed below.
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3.2. High mobilities of electrons and holes

Whereas a similar system of CH;NH;Snl; was reported to have a high electron mobility (z. ~2320 cm?*/V-s)
from experimental measurement, the electron mobility (u. ~66 cm?/V -s) seems too small for CH3NH3PbI3.l4 In this
work, the transport properties are evaluated using a simple approach based on the deformation potential theory as
shown bellow'”:

1
87)hec,
* 5 3
3(m)* (6, TYAE
where 7 is the reduced Planck constant, e is the element charge, c;; is the elastic constant, m* is the effective mass
of charge, kp is the Boltzmann constant, T is the temperature, and E, is the deformation potential.”>>> The

deformation potential (E;) is defined as energy shift of the band energy position (AE) with respect to a small lattice
dilation (Al) along a lattice (I,) direction, i.e., E; = AE/(Al/l,). It should be noticed that reliable band structures
are highly essential for the calculations of carrier mobilities. In our calculations, the mBJ potential is employed
with the SOC effect considered (see the Supplementary material) and the core levels are aligned to determine the
energy shift of band-edge states.’* The calculated carrier mobility, together with the deformation potential, elastic
constant, and effective mass, are collected in Table I for the three phases.

Table 1. Calculated deformation potential (£;. and E;, for electron and hole, respectively), elastic constant (c;,), effective
mass (m, and m, for electron and hole, respectively), and carrier mobility (x, and g, for electron and hole, respectively) at
the I'-point of the Brillouin Zone. Two directions are considered for the orthorhombic and tetragonal phases, and only
one direction is calculated for the pseudo-cubic phase. Room temperature (7=300 K) is used in the calculation.

Orthorhombic Tetragonal Pseudo-cubic
<001> <100> <001> <100> <001>
E. (eV) —4.89 -1.49 —4.40 —1.48 —4.41
Ey;, (eV) —6.74 -4.05 -6.41 -3.26 -7.77
¢;i (kBar) 443 267 423 233 396
m, (mo) 0.18 0.26 0.21 0.24 0.11
my, (mq) 0.27 0.30 0.28 0.31 0.14
se (10°cm?/V-s) 8.30 21.6 6.70 23.4 31.5
1y (10°cm?/V-s) 1.60 2.00 1.50 2.50 5.50

The calculated electron mobilities are around (7 ~ 30) x 10> em?/V-s for the three phases, substantially higher
than the experimentally measured data (experimental result of hole mobility is unavailable).14 Our results are
consistent with another recent theoretical work,”® which predicted high carrier mobilities to be 3100 ~ 1500
cm’/V s for electrons and 1500~ 800 cm?/V's for holes from a simplified Kane model®’ with empirical parameters
of the concentration varying from 10" to 10" ¢m™. The high mobilities for both the electron and hole are due to
the small effective masses (see Table I), which can be inferred from the calculated band structure (see Fig. 2). Both
the valence and conduction band-edge states are from the inorganic Pb-I framework, with the organic base only
contributing to low energy bands (see Supplementary materials). The conduction band minimum (CBM) is
composed of the Pb-6p (amount to 80%) and I-5p (20%) states, and the anti-bonding interaction results in rather
small effective electron mass as usually found in simple semiconductors. The VBM is mainly from the I-5p (70%),
but also with some Pb-65 (30%) states. Moreover, it should be noticed that the Pb-6s states near the VBM are from
the anti-bonding part of Pb-6s> lone pair,”* with the bonding states around —7.5 eV from the VBM. As a result, the
anti-bonding interaction at the VBM also results in small effective masses for the holes, comparable with that of the
electrons.

The calculated hole mobilities in CH3;NH;Pbl; are lower than that of electrons, consistent with the usual



Physical Chemistry Chemical Physics

findings in simple semiconductors.'” Generally speaking, the lower mobilities for the holes than the electrons in
simple semiconductors are usually due to the heavier effective masses for the holes. However, the effective masses
of electrons and holes are comparable in CH;NH;Pbl; (see Table I). In fact, the main difference between electron
and hole mobilities in CH;NH;Pbl; derives from the deformation potential (~2 times higher for the holes than for
the electrons), rather than from the effective masses as found in simple semiconductors, like Silicon. We analyzed
this ‘abnormal behavior’ of deformation potential in CH;NH;Pbl; by investigating the band-edge electronic
properties. Upon volume dilation, the site energy of the VBM is influenced by three factors (see Supplementary
materials): (a) the decreasing of the kinetic energy, (b) the decreasing due to the Pb-6s and I-5p anti-bonding
interaction, and (c) the negligibly increasing due to the small proportion of Pb-6p and I-5p bonding interaction. The
CBM is influenced by two factors: (a) the decreasing of kinetic energy and (b) the decreasing due to Pb-6p and I-5p
anti-bonding interaction. From Table I, it is obvious that the VBM site energy is more prone to change upon
dilation than the CBM. In this regard, the anti-bonding interaction between Pb-6s and I-5p plays a major role in
determining the site energy of the VBM. Since the deformation potential is a measure of the coupling strength of
the carrier to acoustic phonon,38 the phonon scattering is more severe for the hole than for electron in CH;NH;PbI;.
As a result, the hole has much lower mobility than the electron, despite that the hole and electron have quite similar
effective masses at the band-edge states.

3.3. High optical absorption coefficient

In addition to the carrier mobility, we also evaluated absorption coefficients of CH;NH;Pbl;, which is another
important factor to influence the solar cell efficiency (see Fig. 1). Generally speaking, the calculated spectra agree
well with experimental results, especially that the peak near 2.5 eV from the measurement is well reproduced in the
theoretical calculations (around 2.25 eV). However, the calculated absorption coefficient is slightly lower than the
experimental results,"" because the excitonic effect, quadrupole transition, and vibronic coupling effect are
neglected in our calculations.

Two favorable factors contributing to the solar cell application can be easily confirmed from the spectra. First,
the spectra show sharp shoulders near absorption edges, which is conducive to effective utilization of low-energy

photons. Second, the absorption coefficients are as high as 10* ~ 10° cm '

near the edges. The high absorption
ability is due to the absorption between the I-5p valence states and the Pb-6p conduction states, both of which have
high density of states. It is also benefited by the optical transition from the Pb-6s states near the VBM to the Pb-6p
states near the CBM. So, while CH;NH;Pbl; has comparable absorption ability to the well-known Cu(In,Ga)Se,

material, CH;NH;Pbl; has much sharper absorption edge and thus can better utilize the low-energy photons.
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Fig. 1. Calculated absorption coefficient of three phases averaged over nonequivalent directions. The inset also shows the
experimental result'".
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3.4. Thermal movements of organic base and photovoltaic performance

As discussed above, the thermal movement (or orientational disorder) effect of the organic base is
approximated in our theoretical calculations. In this section, we briefly argued the thermal movement effect on the
transport and optical properties of CH;NH;Pbl;.

It should be noticed that both the transport and optical properties are mainly determined by the near-edge
electronic properties (see Supplementary materials). Therefore, the organic base is not expected to have direct
influences on those properties, since the organic base only contributes to the states with much lower energy.
Nevertheless, the thermal movement of organic base can change the inorganic Pb-I framework, i.e., the calculated
Pb-I bond-lengths are 3.18, 3.22, and 3.14 A for orthorhombic, tetragonal, and pseudo-cubic structures, respectively.
In other words, the essential structural difference between the three phases is the deformation of the Pb-I octahedra
induced by organic base. Interestingly, the structural difference can change the near-edge band structures
substantially (see Fig. 2), because both the band-edge valence and conduction states are from the Pb-I framework.

As shown in Table I, the thermal movement of organic base has a significant influence on the effective masses
for both the electrons and holes. As the Pb-I bond length decreases from the tetragonal (i.e., 3.22 A) to the
orthorhombic (i.e., 3.18 A) and to the pseudo-cubic phase (i.e., 3.14 A), the interaction between Pb cations and 1
anions increases, resulting in much wider band widths (see Fig. 2) and thus smaller effective masses. As a result,
the pseudo-cubic phase has the highest carrier mobilities among the three phases. Another important influence of
organic base on the bandgap is also ascribed to the Pb-I bond length. As the Pb-I bond length decreases, the
enhanced Pb-I interaction and thus the wider band width lead to smaller bandgap. Whereas the bandgap of
pseudo-cubic phase (E, = 0.67 eV) is too small for a photon absorber, the bandgap of the tetragonal phase (£, =
1.27 eV) is more ideal for photovoltaic devices. Both the transport and optical properties can be sensitively
influenced by the thermal movement effect of the organic base via an indirect way.

(a) Orthorhombic, mBJ_SOC (b) Tetragonal, mBJ_SOC (c) Pseudo-cubic, mBJ_SOC
4 = 4v\\’_— — . . 4 5 Y
: LR RN NN
X XF
r 5 /

2]

Energy (eV)
o

N
NN

Tz T Y S X U R z T Y S X U R T

Fig. 2. Band structures of (a) orthorhombic, (b) tetragonal, and (c) cubic phases using mBJ potential. The spin-orbit
coupling effect is considered in the calculation. The dispersion curves are along directions of T(-%2,0,2) — Z(0,0, '2) —
1'(0,0,0) — Y(-%2,0,0) — S(-Y5,%,0) — X(0, ¥5,0) — U(0, Y4, 2) — R(%,%,%2). The VBMs are set to be zero.

4. Conclusions

To gain insights to the superior photovoltaic material of CH;NH;Pbls;, we carried out theoretical investigations
on the carrier transport and the optical properties using the first-principles approaches. We found that the
theoretically predicted carrier mobilities are as high as (7 ~ SO)XIO3 and (1.5 ~ 5.5)X103 em?’/V-s for band-edge
electron and hole, respectively. The high carrier mobilities are ascribed to the small effective masses at band-edge
states, due to the strong anti-bonding interaction between lodine and Lead. Besides, this material has superior
optical properties, i.e., it has sharp photon absorption edge and high absorption coefficient around 10° cm . The
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unique performance of CH;NH;PbI; gives rise to the high efficiency of photovoltaic devices.

The influence of thermal movement of organic base on the photovoltaic performance is rather complicated.
The direct consequence of this effect is to the crystal structural properties, leading to different deformations to the
Pb-I framework. Because the near-edge states depends on the Pb-I interaction, both the carrier transport and optical
properties are sensitively influenced by the thermal movement effect of the organic base via an indirect way.
Whereas the carrier transport properties are improved for high-temperature pseudo-cubic phase, the band gap is
ideal for the mid-temperature tetragonal phase as a photon absorber. We argued that the optimal performance of a
practical solar cell can be achieved by considering the detailed balance between the carrier transport and optical
properties via the temperature effect.
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