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ABSTRACT: We report on the carrier−rotor coupling effect in perovskite organic−
inorganic hybrid lead iodide (CH3NH3PbI3) compounds discovered by isotope effects.
Deuterated organic−inorganic perovskite compounds including CH3ND3PbI3,
CD3NH3PbI3, and CD3ND3PbI3 were synthesized. Devices made from regular
CH3NH3PbI3 and deuterated CH3ND3PbI3 exhibit comparable performance in band
gap, current−voltage, carrier mobility, and power conversion efficiency. However, a
time-resolved photoluminescence (TRPL) study reveals that CH3NH3PbI3 exhibits
notably longer carrier lifetime than that of CH3ND3PbI3, in both thin-film and single-
crystal formats. Furthermore, the comparison in carrier lifetime between CD3NH3PbI3
and CH3ND3PbI3 single crystals suggests that vibrational modes in methylammonium
(MA+) have little impact on carrier lifetime. In contrast, the fully deuterated compound
CD3ND3PbI3 reconfirmed the trend of decreasing carrier lifetime upon the increasing
moment of inertia of cationic MA+. Polaron model elucidates the electron−rotor
interaction.

Charge carrier−lattice interaction regulates a wide range of
material properties and governs the underlying working

principles of various energy materials.1,2 Thus, basic under-
standings of any new type of carrier−lattice interaction is
exceptionally desirable for accomplishing the mechanistic
foundation of modern material science. In solid-state physics,
electron−lattice interaction is typically exemplified by the
interplay between electrons and lattice vibration, namely,
electron−phonon interaction.3−10 However, the emerging
organic−inorganic hybrid lead iodide perovskite materials
(e.g., CH3NH3PbI3 or noted as MAPbI3) offers a new platform
to explore some unusual fundamental interactions between
carriers and lattice. Particularly, a unique feature in organic−
inorganic hybrid lead iodide perovskite compounds is that the
organic cationsfor example, the most representative methyl-
ammonium (MA+)also undergoes rotational motions.11−17

Explicitly, the monocationic charge on MA+ is localized on the
three ammonium hydrogen atoms due to the much larger
electronegative nature of the nitrogen atom, thus forming a
geometrically asymmetric cationic rotor in the cages constituted
by the inorganic PbI3

− framework. At room temperature, this
cationic rotor experiences two rapid and asymmetric in-plane
rotational modes that take ∼3 ps to rotate 90° around the
center of the cation with a small rotational energy barrier (1.3
kJ/mol), as well as a symmetric axial rotation along the C−N

bond with a period of as fast as ∼300 fs.18−20 Consequently, the
structure of hybrid lead iodide perovskite materials can be
pictured as the individual cationic organic rotors electrostati-
cally pinned in the cages of a solid-state anionic inorganic
framework. Because the valence band of MAPbI3 is mainly
formed by I 5p orbitals with a minor contribution from Pb 6s
orbitals and the conduction band is composed of Pb 6p
orbitals,21−24 photoinduced electrons and holes should reside
in the inorganic PbI3

− framework. As such, it becomes
intriguing to investigate at a fundamental level how photo-
induced carriers in the inorganic framework interplay with
neighboring cationic organic rotors, which may cause a kinetic
perturbation on the conduction electron wave function, as
depicted in Figure 1. Such an effort should help to build a solid
theoretical foundation in the quest for better photovoltaic
materials-by-design that can overcome constraints such as lead
toxicity and instability issues.25−30 Here, we substitute all three
hydrogens on organonitrogen and/or the organocarbon with
deuterium atoms to modulate the rotational frequency of the
MA+ cation while keeping its own molecular polarity and
electronic wave function intact. We have unambiguously
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observed the isotope effect on the interplay between electrons
and rotors, as evidenced by the deuterium-modulated carrier
lifetime in hybrid perovskite materials. Moreover, exciton
binding energies and polaron trapping energies associated with
different crystallographic planes were calculated based on the
orientations of the MA+ rotor, which clearly exhibits strong
dependence on the MA+ orientations.
Figure 2a shows the ultraviolet−visible (UV−vis) absorbance

of the thin films for both CH3NH3PbI3 and CH3ND3PbI3. (See
the Experimental Methods section for synthesis and Figures
S1−S5 and Figure S6 for nuclear magnetic resonance (NMR)
and mass spectra, respectively, of CH3NH3I, CH3ND3I,
CD3NH3I, and CD3ND3I.) Note that the thin films of
CH3NH3PbI3 and CH3ND3PbI3 exhibit comparable film quality

in terms of crystallinity and morphology, as evidenced by both
X-ray diffraction (XRD) and scanning electron microscopy
(SEM) (Figures S7 and S8, respectively). The onsets of the
absorption edges for both spectra nearly overlap and occur at
about 787 nm, which corresponds to a 1.575 eV band gap for
CH3NH3PbI3, and at about 788 nm, which corresponds to a
1.573 eV band gap for CH3ND3PbI3. A complete UV−vis
absorbance study was performed on CH3NH3PbI3,
CH3ND3PbI3, CD3NH3PbI3, and CD3ND3PbI3 thin films,
and their absorption edge onsets are shown to closely overlap
at 825 nm (Figure S9). Previous reports show that the band gap
of semiconductors can be influenced by isotope effects when
the isotope atoms are relevant to the band structure. For
example, the replacements of Cu-63 with Cu-65 and/or Cl-35
with Cl-37 in a CuCl crystal alter the band gap through
electron−phonon interaction due to the mass-induced change
in lattice dynamical properties.31 Electron−phonon coupling
induced by isotopic effects is also shown to distinctively
manipulate optoelectronic properties of conducting polymers,
which have different optoelectronic responses when hydrogen
atoms on the main chain or side chain are replaced by
deuterium atoms.32 However, for organic−inorganic hybrid
perovskite materials, the band gap is dominated by the
inorganic PbI3

− framework. Thus, the substitution of hydrogen
with deuterium on the MA+ does not alter the lattice vibration
in the PbI3

− network, in which the band gap transition accounts
as a major transition from the I 5p to Pb 6p orbital, with minor
transition from the Pb 6s to Pb 6p orbital.21−24 On the other
hand, electronic transition from I 5p to Pb 6p does not involve
a change of angular momentum quantum number (l = 1), and
the transition from Pb 6s to Pb 6p does not involve a change of
the principal quantum number (n = 6); therefore, regular
perovskite CH3NH3PbI3 exhibits excellent absorption. This
property is well kept by CH3ND3PbI3, as evidenced by the
nearly overlapped UV−vis spectra of CH3NH3PbI3 and
CH3ND3PbI3 because the substitution of H with D in MA+

does not influence the quantum numbers of the electronic
transitions in the PbI3

− framework.
We then further investigate the isotope effects of MA+ on the

light-harvesting and charge-generation/collection process by
studying the incident photon-to-electron conversion efficiency
(IPCE) of both CH3NH3PbI3- and CH3ND3PbI3-based thin
films, as illustrated in Figure 2b. The film qualities (e.g.,

Figure 1. Schematic depiction of the CH3NH3
+ cationic rotors in the cage formed by the anionic PbI3

− framework. The rotors undergo two in-plane
rotations around the C−N axis, which can alter the electrostatic attraction between the nearby three positive-charged H atoms and the photoinduced
conduction electron wave function in the PbI3

− framework.

Figure 2. (a) UV−vis absorbance spectrum for both perovskites with
their absorption edge onsets. Blue, CH3ND3PbI3; red, CH3NH3PbI3.
(b) IPCE spectra for CH3NH3PbI3 and CH3ND3PbI3. Blue curve,
CH3ND3PbI3; red, CH3NH3PbI3. (c) Terahertz measurements for
CH3NH3PbI3 and CH3ND3PbI3. Red curve, CH3NH3PbI3; blue,
CH3ND3PbI3. (d) Hybrid lead iodide-based solar cells’ J−V character-
istics. Red curves, CH3NH3PbI3; blue curves, CH3ND3PbI3.
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crystallinity, grain size, film coverage) of both CH3NH3PbI3
and CH3ND3PbI3 are comparable, as indicated in Figures S7
and S8. The IPCE spectra of perovskite solar cells based on
CH3NH3PbI3 and CH3ND3PbI3 thin films agree well with each
other. The comparable IPCE and absorption spectra of
CH3NH3PbI3- and CH3ND3PbI3-based devices suggest that
the isotope of the MA+ does not affect the generation and
subsequent collection of photocarriers. This is consistent with
the fact that the photogeneration of electron−hole pairs occurs
in the PbI3

− framework and is thus expected to be independent
of MA+.
In addition, we used time-resolved terahertz (THz) spec-

troscopy to investigate the influence of isotope effects of MA+

on the charge-carrier mobility in the perovskite thin films
(CH3NH3PbI3 and CH3ND3PbI3). Again, the comparable film
quality in terms of morphology and crystallinity is indicated by
SEM and XRD (Figures S7 and S8). As shown in Figure 2c,
both samples show nearly constant real photoconductivity and
zero imaginary photoconductivity, implying a large carrier-
scattering frequency.33 Compared with conventional photo-
voltaic semiconductors, the carrier mobility (1−10 cm2 V−1

S−1)34−37 in perovskite is relatively low because of this large
carrier-scattering frequency. The scattering in perovskites is
likely dominated by the carrier−optical phonon interaction that
is also responsible for the effective hot-phonon bottleneck.38

This frequency-independent photoconductivity (in the low-
THz frequency region) is also in agreement with the reported
measurements for different perovskite films.35,39 Considering
the similar photocarrier densities due to the identical excitation
condition, the comparable photoconductivities between
CH3NH3PbI3 and CH3ND3PbI3 thin films suggest similar
carrier mobilities in these two films. This phenomenon agrees
with the fact that carrier mobility is primarily determined by the
carrier−optical phonon interaction, electron−hole Coulomb
interaction, and effective mass, which are all inherent to the
inorganic PbI3

− framework. Thus, the carrier mobility measured
by the THz study is expected to be independent of the organic
MA+.
Figure 2d compares the photocurrent density−voltage (J−V)

characteristics of perovskite solar cells based on CH3NH3PbI3
and CH3ND3PbI3 thin films; note that these cells were
prepared under the same condition and care was taken to
ensure no replacement of deuterium with hydrogen by avoiding
the use of any solvent with active hydrogen (see the
Experimental Methods section). Both cells exhibit comparable
photovoltaic performance. The best CH3NH3PbI3-based device
displays a PCE of 17.15% with a short-circuit photocurrent
density (Jsc) of 21.57 mA/cm2, open-circuit voltage (Voc) of
1.06 V, and fill factor (FF) of 0.75. In contrast, the best
CH3ND3PbI3-based device has an efficiency of 16.27% with Jsc
of 21.22 mA/cm2, Voc of 1.05 V, and FF of 0.73. The slight
difference in these photovoltaic parameters between the best
CH3NH3PbI3 and CH3ND3PbI3 devices is similar to a statistical
comparison based on the 8−10 devices from each material
(Table S1). It is evident that both devices exhibit a similar
hysteretic J−V behavior, as commonly observed for standard
CH3NH3

+-based perovskite solar cells.40 For the CH3ND3
+-

based device, we examined its steady-state power output biased
near the maximum power point under a continuous light
illumination over a few minutes (Figure S10). The measure-
ment shows that the actual power output (15.4%) for
deuterated film is close to its reverse-scan curve. Because
there is no significant change of carrier mobility for the

deuterated film, carrier recombination could be accounted for
by the slight but evident deterioration in performance.
We conducted time-resolved photoluminescence (TRPL)

measurements to examine charge-carrier lifetime as commonly
used for CH3NH3PbI3, as reported in the literature.41−43

Strikingly, TRPL reveals a significant difference in carrier
lifetimes of the CH3NH3PbI3 thin film (∼145 ns) and
CH3ND3PbI3 thin film (∼91 ns), as shown in Figure 3a,b.

To minimize the possible influence due to morphological
defects in thin films, single crystals of both CH3NH3PbI3 and
CH3ND3PbI3 were synthesized, and their crystallinities were
examined by SEM of the cleaved crystal surface and
synchrotron high-resolution XRD at the Advanced Photon
Source (see the Experimental Methods section and Figure
S11). Clearly, the TRPL comparison between single-crystal
CH3NH3PbI3 (Figure 3c) and single-crystal CH3ND3PbI3
(Figure 3d) echoes the results obtained from the thin-film
study, namely, that the carrier lifetime in the CH3NH3PbI3
single crystal (400 ns) is still much longer than that of the
CH3ND3PbI3 single crystal (∼135 ns). It is not surprising that
single crystals generally have longer carrier lifetime than their
corresponding thin films because single crystals should exhibit
much less nonradiative recombination from structure-induced
defect centers.
To find the root cause of this isotope effect on carrier

lifetime, we conduct a logical reasoning: first of all, the observed
isotope effect of MA+ on the carrier lifetime must be
implemented through a mass-relevant interaction(s) between

Figure 3. (a) TRPL of a CH3NH3PbI3 thin film; (b) TRPL of a
CH3ND3PbI3 thin film; (c) TRPL of single-crystal CH3NH3PbI3; (d)
TRPL of single-crystal CH3ND3PbI3; (e) TRPL of single-crystal
CD3NH3PbI3; and (f) TRPL of single-crystal CH3ND3PbI3. The insets
are the static photoluminescence spectra.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.6b01199
J. Phys. Chem. Lett. 2016, 7, 2879−2887

2881

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01199/suppl_file/jz6b01199_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01199/suppl_file/jz6b01199_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01199/suppl_file/jz6b01199_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01199/suppl_file/jz6b01199_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01199/suppl_file/jz6b01199_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01199/suppl_file/jz6b01199_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01199/suppl_file/jz6b01199_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.6b01199


the MA+ and the photoinduced carriers in the inorganic PbI3
−

framework because deuteration should not alter any steady-
state electronic wave functions on the MA+ or PbI3

−

framework. Hence, there can only be two possible mass-
relevant properties to influence the interaction between MA+

and the carriers in the PbI3
− framework, including the

vibrational and rotational modes of MA+. Note that we
eliminated the translational modes of MA+ in our consideration
because the cationic MA+ is confined electrostatically by the
surrounding anionic PbI3

− framework.20,44,45 As expected, the
infrared study shows that the characteristic broad N−H
stretching at ∼3150 cm−1 disappeared almost entirely in
CH3ND3PbI3 (Figure S12) in single-crystal format. Further-
more, the infrared spectra of CD3NH3PbI3 and CD3ND3PbI3
thin films are shown in Figure S13. At this point, we can say
that (1) the carrier lifetime may be related to the vibrational
difference between N−H and N−D or (2) the carrier lifetime
may be related to the total mass of the MA+ because CH3NH3
is lighter than CH3ND3. We then need to either rule out or
confirm the impact of vibrational modes in MA+ on carrier
lifetime. If the N−H vibrations have any strong impact on
carrier lifetime, we should be able to see the difference between
CH3ND3

+ and CD3NH3
+ while eliminating the impact due to

the overall mass of the MA+ because CH3ND3
+ and CD3NH3

+

have the same mass. Thus, we further synthesized the single
crystal of CD3NH3PbI3, which adds the same amount of mass
to the organic cation as the aforementioned CH3ND3PbI3 while
keeping the N−H vibrational mode intact. The quality of the
CD3NH3PbI3 sample is confirmed by SEM of the cleaved
crystal surface and synchrotron high-resolution XRD (see the
Experimental Methods section and Figure S11). As can be seen
from Figure 3e, CD3NH3PbI3 exhibits a carrier lifetime of ∼135
ns, very close to that of CH3ND3PbI3 (∼120 ns; see Figure 3d).
These results suggest that the vibrational modes in −NH3

+,
deuterated −ND3

+, −CH3, or CD3 do not notably impact
carrier lifetime. Instead, the overall mass of MA+ leads to the
variation in carrier lifetime. To further verify the impact of MA+

mass on the carrier lifetime, we synthesized the fully deuterated
single-crystal CD3ND3PbI3, and its crystallinity is also
comparable with other crystals, as confirmed by SEM of the
cleaved crystal surface and synchrotron high-resolution XRD
(see the Experimental Methods section and Figure S11). Figure
3f shows that the carrier lifetime of this fully deuterated
CD3ND3PbI3 single-crystal sample is only ∼65 ns as measured
by TRPL, which is much shorter than that for either
CD3NH3PbI3 or CH3ND3PbI3 single crystals and confirms
our hypothesis of the effect of MA+ mass on carrier lifetime.
Clearly, to this point, we need to focus the search for the root

cause of this isotope-induced carrier-lifetime variation on the
rotational modes of MA+. According to the unit cell dimensions
of MAPbI3 single crystals (8.8310 × 8.8310 × 12.6855
Å3),22,37,46,47 the concentration of MA+ is 1021/cm3, which
overwhelmingly outnumbers the intrinsic charge-carrier density

(about 1010 cm−3 under dark,37 in the PbI3
− framework) by 11

orders of magnitude. Even under our TRPL condition
(excitation at 405 nm, 40 pJ/pulse, 200 μm spot size), the
estimated initial carrier density is no more than 1014 cm−3,
which is still 7 orders of magnitude lower than the number of
MA+ rotors. As such, the time-dependent wave function of
these “rarely” occurring photoinduced electrons in the PbI3

−

framework have a slight chance to overlap with the anisotropi-
cally positioned cationic charge on the neighboring MA+, if all
of the MA+ are randomly oriented but fixed in the PbI3

− cages.
In other words, due to the relatively low carrier concentration,
the interaction between an electron in the conduction band (Pb
6p orbitals) and the cationic side of a neighboring MA+ requires
a rapid reorientation of this MA+ to have its positive charge
pointed to the electron; this occurrence enhances the
overlapping probability of their respective wave functions.
Such a requirement apparently demands the rotational
movement of the MA+. In fact, MA+ does experience rotational
modes in the PbI3

− framework, including a symmetric axial
rotation along the C−N bond that does not alter the overall
orientation of MA+; in addition, there are two asymmetric in-
plane rotations, which spatially reorient the charge on MA+

with respect to the nearby carrier. Such interaction also requires
a timely coupling. In fact, all of these rotational modes occur at
a time scale no longer than a few tens of picoseconds, which is
2−4 orders of magnitude faster than the carrier lifetime. Hence,
the reorientation of MA+ is kinetically rapid enough to enhance
the probability of transient overlap between the wave functions
of electrons in the conduction band and the positive charge on
MA+. In this regard, the modulation of the rotational frequency
of MA+ by isotope effects is a logical interpretation of the
observed mass-dependent carrier lifetime.
In general, carrier lifetime is closely associated with the

exciton binding energy and polaron trapping energy. In terms
of excitons, a larger binding energy generally leads to a higher
recombination rate, partially owing to the stronger Coulomb
interaction. Theoretically, we can estimate the exciton binding
energy by eq 148

μ
ε

=E
m

R(b)
0 r

2 H
(1)

where m0 is the free-electron mass, RH is the Rydberg constant
of a hydrogen atom (13.6 eV), εr is the dielectric constant of
the material, and μ is the reduced effective mass of the exciton
and is obtained by (me × mh)/(me + mh). Because the previous
terahertz experimental results show that carrier-transport
properties are almost completely unaffected by the isotope
effect (which means that the carrier effective masses are not
notably affected), the main factor that affects the exciton
binding energy is the dielectric constant. We then conducted
density functional theory (DFT) calculations of the dielectric
constant for a MAPbI3 unit cell with the C−N axis of MA+ in
different directions (see the Experimental Methods section). As

Table 1. Dielectric Constants for MAPbI3 When the C−N Axial of MA+ Is Pointing in Different Crystallographic Directionsa

100 110 111

14.227 −0.053 0.387 25.016 4.551 −0.140 25.700 2.151 −2.451
−0.053 17.722 0.111 4.552 24.265 −0.629 2.152 25.477 2.237
0.391 0.111 17.850 −0.140 −0.629 20.936 −2.449 2.235 25.800
16.600 (averaged) 23.406 (averaged) 25.659 (averaged)

aNote that for a nonperfect isotropic structure, its dielectric constant is a second-order tensor; thus, the dielectric constant is a 3 × 3 matrix, while
the averaged diagonal dielectric constants are also given in the last row.
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listed in Table 1, the dielectric constants depend distinctly on
the momentary directions of the C−N axis with respect to
crystallographic planes (namely, the orientations of MA+).
Thus, MA+ rotation changes the dielectric constants of the
material and influences the exciton binding energy. However,
because exciton binding energy in MAPbI3 has been
experimentally measured to be very small (only about 10
meV or less at room temperature), free charge carriers are
directly generated upon light absorption at ambient con-
dition.41,49 Therefore, the dielectric-induced variation (less than
a factor of 2 according to eq 1 and Table 1) in exciton binding
energy is still less than kT (25.7 meV) at room temperature.
Hence, the MA+ rotation-induced effect on exciton binding
energy should not have any large impact on carrier lifetime.
Nonetheless, our calculation still manifested a strong
correlation between rotor orientation and dielectric constants
in solid-state materials.
With the impact of excitons proven to be negligible on the

carrier lifetime of MAPbI3, we provide a potential mechanism
to elucidate the root cause of deuteration-induced variation in
carrier lifetime by investigating the polaron trapping effect that
can lead to shallow traps in semiconductors.50−52 Upon
escaping from being bound with a hole in a polarizable
semiconductor, a conduction electron attracts/repels multiple
lattice cations/anions in its proximity via electrostatic
interaction, leading to an electron−multi-ion entity called a
polaron.53 Apparently, high hole mobility facilitates polaron
formation because the corresponding electron can overcome
the recombination and interact with its neighboring lattice ions.
In this manner, a shallow trap forms near the edge of the
conduction band, in which the conduction electron can relax
without recombination, leading to extended carrier life-
time.54−57 In the case of MAPbI3 single crystals, due to their
excellent hole mobility37 and low exciton binding energy,41 the
photoinduced electron can readily overcome recombination so
as to interact with neighboring lattice ions. Recent theoretical
work also implies that carriers in perovskites might be
associated with polarons.58 In particular, the rapid picosecond
in-plane rotations of MA+ enable quick spatial reorientation of
the cationic charge, so as to overlap their wave function with
that of the free electron, forming a stably shallow trap that
extends the carrier lifetime. Note that the MA+ cannot be a
recombination center due to its poor electron affinity. In
contrast, heavier CH3ND3

+, CD3NH3
+, and CD3ND3

+ suffer
from retarded rotation so as to decrease the probability of
electrostatic overlap with the free electron; therefore, we
observe shorter carrier lifetimes of deuterated perovskites.
From the evidence, it is desirable to elucidate the dynamical
relationship between MA+ orientations that are manifested as
crystallographic planes and polaron trapping energies.
We conducted DFT calculations on the different polaron

trapping energies when the C−N axis respectively pointed to
the three representative crystallographic planes [100], [110],
and [111] in a MAPbI3 unit cell. The electronic structures near
the band edge of MAPbI3 generally reflect the trapping states
for photogenerated carriers, and therefore, we show the
calculated density of states (DOS) near the band edges of
CH3NH3PbI3 with CH3NH3

+ along different crystallographic
directions. The results are shown in Figure 4 and summarized
in Table 2. As can be seen, the DOS near the valence band edge
depends significantly on the orientation of CH3NH3

+, and the
differences for CH3NH3

+ along the [100] (Figure 4a), [110]
(Figure 4b), and [111] (Figure 4c) directions are especially

remarkable. This means that the hole trapping states will
depend strongly on the orientation of CH3NH3

+ in
CH3NH3PbI3. Furthermore, similar results also occur for the
electron trapping states, as shown in Figures 4d−f and Table 2.
As can be seen, [110] corresponds to the greatest trapping
energies for both electrons (225 meV) and holes (71 meV),
whereas [100] corresponds to the smallest trapping energies for
both electrons (117 meV) and holes (7 meV). Hence, faster
rotation of MA+ gives rise to a greater incidence of orienting
the C−N axis along the [110] direction, which is associated
with the greatest polaron trapping energy for both electrons
and holes compared to the slow rotation of deuterated MA+,
taking into account the effect of anisotropic alignments of MA+.
Therefore, the lightest CH3NH3

+ is more effective in trapping
photoexcited electrons than any of its heavier isotopic
counterparts; consequently, this results in the relatively longer
carrier lifetime in CH3NH3PbI3. To give a quantitative ratio of
the in-plane rotational frequencies around the C−N axis of the
four isotopes of MA+, we use the rigid free-rotor model in
quantum mechanics, and the estimated frequency ratio is
ν(CH3NH3

+)/ν(CH3ND3
+)/ν(CD3NH3

+)/ν(CD3ND3
+) ≈

1:0.85:0.85:0.76, with the assumption that they take on the
same rotational quantum state (see the Supporting Information
for detailed calculation). Apparently, the trend of the in-plane
rotational frequencies of the four isotopes of MA+ agrees well
with the trend found in their carrier lifetimes, that is,
τ(CH3NH3

+) > τ(CH3ND3
+) ≈ τ(CD3NH3

+) > τ(CD3ND3
+).

Therefore, it is reasonable to state that the carrier lifetime in
MAPbI3 has strong dependency on the rotational frequency of
the organic rotor MA+, and such an electron-rotor interaction is
implemented via polaron formation involving the conduction
electrons in the inorganic anionic framework and the
asymmetric cationic charge on the organic rotors.

Figure 4. DOS near the band edge of CH3NH3PbI3 with CH3NH3
+

along different crystallographic directions including 100, 110, and 111.
(a−c) DOS near the valence band edge. (d−f) DOS near the
conduction band edge.

Table 2. Polaron Trapping Energy [meV] for Electron and
Hole with Different C−N Pointing Directions

crystallographic planes electron (meV) hole (meV)

100 117 7
110 225 71
111 151 20
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In summary, we discovered a new type of electron−lattice
interaction, namely, an electron−rotor interaction, occurring in
solid-state hybrid perovskite lead triiodide, whose structure is
configured as asymmetric cationic MA+ rotors electrostatically
pinned in the cages formed by the anionic PbI3

− framework.
The coupling between the cationic side of the rotors and the
light-induced free electrons in the PbI3

− framework, as the
formation of polarons, is effectively dependent on the rotational
momentum of the rotors. This is evidenced by a TRPL study,
in which the carrier lifetimes of isotopic hybrid perovskite lead
triiodides exhibit a trend of CH3NH3PbI3 > CH3ND3PbI3 ≈
CD3NH3PbI3 > CD3ND3PbI3, in good agreement with the
trend of their rotational frequencies. Theoretical work
suggested that the orientation of the cationic rotors in
perovskite structures can affect the charge separation states.59,60

Insightful understanding of electron−lattice interaction
constitutes the mechanistic foundation for various energy
transport, conversion, and storage sciences such as super-
conductivity, thermoelectricity, photovoltaics, and supercapaci-
tors. Therefore, the electron−rotor interaction discovered in
solid-state semiconductors should help establish a theoretical
foundation and provide an innovative alternative for better
materials-by-design.

■ EXPERIMENTAL METHODS
Materials Synthesis. CH3NH3I was synthesized using the
method described elsewhere.61 CH3ND3I was made by
dissolving pure CH3NH3I in excessive deuterium oxide (99.9
atom % D, Aldrich) at a 1:40 molar ratio in a 100 mL round-
bottom flask, followed by rotary evaporation at 60 °C to dry off
the solvent. This process was repeated four times to make sure
that all active hydrogen atoms bonded to nitrogen were
substituted by deuterium atoms. CD3NH3I was synthesized first
by slowly reacting CD3NH2 gas (99.9 atom %, Aldrich) with an
equimolar amount of HI in water (57 wt %, Aldrich) with
constant stirring in a 500 mL round-bottom flask immersed in
an ice bath, followed by rotary evaporation at 60 °C to dry off
the solvent. CD3NH3I solid mixed with HI residue was then
washed on filter paper six times with anhydrous ethyl ether
(Fisher Chemical) accompanied by vacuum filtration each time.
Washed CD3NH3I powder was dried in a vacuum oven at 80
°C overnight to further expel ethyl ether residue. The fully
deuterated CD3ND3I was synthesized by dissolving the purified
CD3NH3I as described above in excessive deuterium oxide at a
1:40 molar ratio in a 100 mL round-bottom flask, followed by
rotary evaporation at 60 °C to dry off the solvent. This process
was repeated four times to ensure complete substitution of
ammonium hydrogen by deuterium to yield pure CD3ND3I.
The CH3NH3I, CH3ND3I, CD3NH3I, and CD3ND3I samples
obtained were further characterized by nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry (MS)
to ensure their purity, as shown in Figures S1−S6.
CH3NH3PbI3 , CH3ND3PbI3 , CD3NH3PbI3 , and

CD3ND3PbI3 single crystals were synthesized, respectively, by
first mixing a 1:1 molar ratio of CH3NH3I, CH3ND3I,
CD3NH3I, and CD3ND3I with lead(II) iodide (99.9985%,
Alfa Aesar) in γ-butyrolactone (≥99%, Aldrich) in a glovebox
to avoid possible exchange of hydrogen on nitrogen with
moisture in air and material oxidation. The concentration of all
of the resulting solutions was 1 M in terms of (CH3NH3I/
PbI2), (CH3ND3I/PbI2), (CD3NH3I/PbI2), or (CD3ND3I/
PbI2). Consequently, the solutions were heated at 110 °C for 3
h to produce small perovskite seed crystals of CH3NH3PbI3,

CH3ND3PbI3, CD3NH3PbI3, and CD3ND3PbI3, respectively.
These seed crystals were then transferred to the corresponding
fresh 1 M CH3NH3PbI3, CH3ND3PbI3, CD3NH3PbI3, and
CD3ND3PbI3 solutions, respectively, for continuous growth for
48 h at 70 °C in darkness in argon without disturbance. The
received single crystals were all stored in an argon atmosphere.
Materials Characterization. NMR spectroscopy was per-

formed on a Bruker Spectrospin 300 MHz NMR spectrometer.
Infrared spectroscopy of CH3NH3PbI3 and CH3ND3PbI3 single
crystals was acquired on a Nicolet IR spectrometer at the
BL01B beamline at the Shanghai Synchrotron Radiation
Facility (SSRF). A mass spectrometry study was carried out
using a Bruker Esquire 3000 quadrupole ion-trap mass
spectrometer (Bruker Daltonics, Bremen, Germany) equipped
with an electrospray ionization (ESI) source. All samples were
introduced at a flow rate of 5 μL min−1. The nebulizer gas, dry
gas, needle voltage, and temperature were adjusted to 12 psi,
5.0 L/min, 4.5 kV, and 250 °C. All other tunable instrument
parameters were optimized to give a maximum yield of the
methylammonium ions. The tune file was maintained for all
three sample acquisitions. Each sample run was acquired for
about 2 min, resulting in over 100 scans. Averages were taken
across the entire time frame. Synchrotron XRD experiments
were performed at beamline 11BM, Advance Photon Source at
Argonne National Laboratory. The instrument resolution is
Δd/d ≈ 0.00017, using 12 silicon (111) crystal analyzers
positioned in front of the LaCl3 scintillation detectors,
representing the state-of-the-art d-spacing resolution for
diffraction measurements.62 Large single-crystal CH3NH3PbI3,
CH3ND3PbI3, CD3NH3PbI3, and CD3ND3PbI3 were cracked
into smaller single-crystal granules, which were tightly packed
in a Krapton tube and tightly sealed with wax.
To measure static photoluminescence and time-resolved

photoluminescence dynamics, single-crystal samples were
photoexcited at 450 nm and 40 nJ/cm2 via a 35 ps pulse
width laser diode. PL photons were collected with a lens and
directed to a 300 mm focal length grating spectrograph
outfitted with a thermoelectrically cooled CCD and avalanche
photodiode with time-correlated single-photon counting
electronics.
Solar Cell Fabrications, Characterization, and Measurements. A

fluorine-doped tin oxide (FTO) substrate (TEC 15, Hartford
Glass Co) was patterned using the wet-etching method (zinc
powder and HCl solution). Prepatterned FTO was cleaned and
then deposited with a thin compact TiO2 layer by spray
pyrolysis using a 0.2 M titanium diisopropoxide bis-
(acetylacetonate) in 1-butanol solution at 450 °C. The TiO2
layer was annealed at 450 °C for 1 h. Perovskite films were
prepared via the nonstoichiometric precursor method as
reported before.63 Briefly, organic salt (CH3NH3I or
CH3ND3I)/PbI2 = 1.2:1 was dissolved in a 1-methyl-2-
pyrrolidinone/γ-butyrolactone (7/3, weight ratio) solution to
form a 50 wt % precursor. The precursor was coated on top of
the substrate by spin-coating at 4500 rpm for 25 s, and the wet
film was immediately transferred into a diethyl ether (DEE,
Fisher Chemical) bath for 90 s. Thermal annealing was
processed at 150 °C for 20 min with a Petri dish covered on top
under a low-humidity atmosphere. 2,2′,7,7′-Tetrakis(N,N-dip-
methoxyphenylamine)-9,9′-spirobifluorene (spiro-MeOTAD;
Merck, Germany) was used as a hole-transport layer (HTL)
by spin-coating a HTL solution, which consists of 80 mg of
spiro-MeOTAD, 30 μL of bis(trifluoromethane) sulfonimide
lithium salt stock solution (500 mg Li-TFSI in 1 mL
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acetonitrile), 30 μL of 4-tert-butylpyridine (TBP), and 1 mL of
chlorobenzene solvent, at 4000 rpm for 30 s. Finally, a 150 nm
Ag layer was deposited on the HTL layer by thermal
evaporation. The J−V characteristics of the cells, which have
a 0.12 cm2 masked area, were measured using a 2400
SourceMeter (Keithley) under simulated one-sun AM 1.5G
illumination (100 mW cm−2) (Oriel Sol3A Class AAA solar
simulator, Newport Corporation). The incident photon-to-
current efficiency (IPCE) was measured using a solar cell
quantum efficiency measurement system (QEX10, PV Meas-
urements). Stabilized power output was recorded by a
potentiostat (VersaSTAT MC, Princeton Applied Research)
near a maximum power output point. Thin-film surface
morphology images were taken by using a Quanta 600
scanning electron microscope.
The time-resolved terahertz (THz) measurement is based on

the Ti:sapphire ultrafast laser amplifier (800 nm, pulse duration
≈ 130 fs, ∼3 mJ/pulse, and 1 kHz repetition rate). The
fundamental beam (800 nm) is split into two beams. One beam
is sent to a TOPAS optical parametric amplifier to generate the
pump pulse with a tunable wavelength, and its intensity is
attenuated by a neutral-density filter. For this experiment, we
employed a pump wavelength of 400 nm. The other beam is
further split into two portions. One portion strikes a ZnTe
crystal to generate a THz pulse that is focused on the sample.
The other portion is directed along with the transmitted THz
to another ZnTe crystal for the THz detection. The detailed
working principle can be found in the literature.64 The carrier
lifetimes in perovskite thin films were studied by TRPL decays
measured with a time-correlated single-photon counting system
using a Fianium Supercontinuum high-power broad-band fiber
filter (SC400-2-PP). The illumination spot size was about 0.02
mm2 with ∼25 μW excitation at a wavelength of 500 nm.
Theoretical Calculation. The DFT calculations are conducted

using the Vienna ab initio simulation package code.65 The ionic
potentials are described by the projector augmented wave
(PAW) method within the generalized gradient approximation
(GGA);66 the long-range van der Waal’s interactions are also
taken into account by the empirical Grimme’s method.67 The
plane-wave cutoff energy is 500 eV. In structural optimization,
both the lattice vector and atomic positions are fully relaxed
until the residual Hellmann−Feynman forces become smaller
than 0.02 eV/Å. To investigate the polaronic effect, a 3 × 3 × 3
supercell model of MAPbI3 is used, the Brillouin zone is
sampled with only the gamma point considering the large size
of the model, and the polaron trapping energy is defined as the
energy difference between the delocalized state of the carrier
without structural distortion and the localized (trapped) state
of the carrier with full structural optimization. For DOS
calculation, the MAPbI3 unit cell is used and the Brillouin zone
is sampled with gamma-centered k-points. The dielectric
constants are obtained by density functional perturbation
theory using the linear response method.
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