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potential for solar cells, while problems like the current—voltage hysteresis and the long-term
instability have seriously hindered their applications. Ion migrations are believed to be
relevant. But the atomistic details still remain unclear. Here we study the migrations of ions in ~ ~
CH,NH,Pbl, (MAPbL,) at varying temperatures (T’s), using combined experimental and < o
first-principle theoretical methods. Classical hopping of the iodide ions is the main migration =4
mechanism at moderate T’s. Below ~270 K, the kinetic constant for ionic migration still
shows an Arrenhius dependency, but the much lower activation energy is attributed to the
migration of H*. A gradual classical-to-quantum transition takes place between ~140 and ~80

K. Below ~80 K, the kinetic constant becomes T-independent, suggesting that deep quantum T e e
tunneling of H takes over. This study gives direct experimental evidence for the migrations 1000/T (K")

of H's in MAPbI; and confirms their quantum nature.

ABSTRACT: The organic—inorganic halide perovskites (OIHPs) have shown enormous \

he migration and diffusion of ions are important in studies have reported the formation of Pbl, near the Pb-

chemistry, physics, and material sciences." They are also anode/MAPDI; interface after an application of a direct-current
vital to many technologies relevant to our daily life and future bias, implying that I” ions migrate toward the Pb-anode.” But
green-energy economy, e.g, batteries, fuel cells, electro- this decomposition process may also originate from the reverse
catalysis, and solar cells.”™* Among these applications, lithium flow of MA*. For H* diffusion, Egger et al. reported an
battery has been commercialized in vehicles and mobiles, and activation energy as low as 0.29 eV in MAPbL,,** while there is
ionic migration is the main charge transport mechanism.” In yet no direct experimental evidence to verify the continuous
electrocatalysis and fuel cells, the understanding of the ion diffusion of HY, ie. migration through the whole crystal/
diffusions in experiment and theory, such as the diffusions of polycrystal, in bulk OIHPs. Chen et al. have recently
H" and metal ions, has played a key role in improving the demonstrated a shuttling of H" in MAPbI;, which may come
device performances and facilitating catalyst design.6 Although from H' tunneling between two adjacent iodide ions.”” But
fast ionic migration is needed in many applications, it could be this is a local movement between two sites and it locates in the
detrimental in electronic devices, e.g, electromigration in interfacial region. More recently, Cardenas-Daw et al.
integrated circuit. For organic—inorganic perovskite solar suggested that an intrinsic doping of MAPbI; would most
cells,/ ™" the ionic migration within OTHP active layer has likely be attributed to the transfer of H*.*® In spite of these
been demonstrated to cause instable power output, the experimental and theoretical, the microscopic details of ionic
current—voltage (I—-V) hysteresis and the structural instability, migration within OTHPs, especially the role of H, still remains
which greatly hindered their applications.”*'*~"° unclear.

Extensive experimental and theoretical works have been In this Letter, we report a combined experimental and
carried out to understand which ion migrates in OIHPs.'~** theoretical study of ion diffusions in OIHPs, trying to unravel
Many kinds of ions, such as Pb%*, MA*, I, and H* have been the dominating ionic migration mechanism at varying T’s. We
examined. By using photothermal induced resonance (PTIR) choose MAPbI; as a prototype material. Since the ion
microscopy technique, Yuan et al. observed the redistribution redistribution is a slow process with a time scale of few
and migration of MA" after an application of a small electrical
field in a MAPDbI, solar cell.”* Theoretical calculations based on Received: September 22, 2018
the density-functional theory (DFT) method have suggested Accepted: October 15, 2018
that I~ may have lower activation energy than MA*.*"** Few Published: October 25, 2018
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Figure 1. Experimental setup and characterization method for the ionic conductance. (a) Schematic of the measurement setup with a vacuum
system, including a cryogenic stage and electrode wires. (b) Illustration of possible ion diffusions in perovskite crystal. (c) Current—voltage
measurement with SO V/s scanning rate on MAPbI, perovskite film. (d) Galvanostatic characterization on MAPbI; perovskite film. At 2 s, a
constant 20 pA current switches on and the resistance gradually reaches to an equilibrium value due to depleted ion diffusion. (e)—(g) Schematics
for conductance contribution in MAPDI; perovskite film from both ionic transport and electronic transport at different stages during galvanostatic

measurement.

seconds, the dynamics of ionic transport can be characterized
by the relaxation time in galvanostatic measurement.'®”’~** In
theory, a combination of transition state searching (TSS), ab
initio molecular dynamics (MD), and ab initio path-integral
molecular dynamics (PIMD) methods were used. The TSS
method treats nuclei as static classical particles.”>** Ab initio
MD includes finite-T classical statistical effects, with electronic
structures calculated on-the-fly.*>*® With ab initio PIMD, the
nuclear quantum effects (NQEs), which are often important in
systems involving hydrogen, were further added in on the same
footing as the classical statistical effects.’’™** As such,
comparisons between the TSS, the ab initio MD, and the ab
initio PIMD results allow the classical statistical and the NQEs
to be addressed in a very clean manner.***~* The kinetic
constant due to ionic migration (K,,) is derived from the
relaxation time via galvanostatic characterization between 17
and 297 K. On the basis of the comparison between the
experimental observation and theoretical simulations, we find
that above ~270 K, the classical hopping of I ion is dominant
with an activation energy of ~0.4 eV. Below ~270 K, the linear
dependency of InKj,, on 1/T is retained, but with a much
smaller migration activation energy of ~0.1 eV. Static nuclei
simulations for H* diffusions give barriers ranging from 0.07 to
0.3 eV. NQEs can effectively reduce the H" diffusion barriers
by ~30—40%. Therefore, classical hopping of H" is the most
likely mechanism in this T region. A gradual transition from
the classical hopping to the quantum tunneling takes place
between ~140 and ~80 K. Below ~80 K, K,,, becomes T-
independent and deep quantum tunneling of H" is dominant.
This study observed the H" migration changes gradually from
being dominated by classical hopping, through shallow

quantum tunneling, to deep quantum tunneling as T decreases,
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which can shed light on understanding of ionic migrations and
the quantum nature of H" transfer in OIHPs.

The I-V and the galvanostatic characteristics were obtained
using an Agilent B2900 series precision source/measure unit.
The time duration for the galvanostatic measurement is 0.1 s,
and the switched currents for MAPbI; and CsPbl,Br are 0.02
and 0.01 nA, respectively. After these data were collected, we
extract the ionic and electronic conductance. Finally, the ideal
formula below was used to obtain conductivity through ¢ =

SL % 10° ~ 0.52 X 10°G (us/cm), where G is the conductance,
s

s is the cross-section area, and L is the gap of lateral device. For
cryogenic electrical experiments, we use a small-size silica
template to prepare Au electrode confined by the sample stage
in the chamber, which leaves a 50 ym gap on perovskite film
with 50 pm width. The cryogenic experiment was conducted in
a cryostation (MONATA C2MODEL) from 17 K to room
temperature. The lateral device was directly mounted on the
He-cooled cryostat with a temperature controller, in a high-
vacuum box with 0.9 pTorr. Measurements were made with
temperature increases from 17 to 297 K and stabilized for over
10 min at each temperature. In galvanostatic measurements,
three kinds of possible effects may affect our experimental
results: geometric-capacitance current, reaction-related pseu-
docapacitance, and mobile-ion-induced current. We have
carefully excluded the influences of these factors, which is
discussed in the Supporting Information.

Our DFT simulations were performed using the Vienna ab
initio Simulation Package (VASP), with an in house
implementation of the ab initio constrained MD and
constrained centroid PIMD methods.”**® The optB88-vdW
functional within vdW-DF was used for a better description of
the dispersion interactions,””*® which are important for
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Figure 2. Experimental measurement of the ionic conductance at varying T’s. Galvanostatic curves at (a) high (130—-297 K) and (b) low
temperatures (17—100 K) for the MAPbI, sample, from which the ionic kinetic constant is derived from exponential fitting for these curves. (c)

The ionic kinetic constants vs T for the MAPDI; perovskite sample.

OIHPs.””” The planewave kinetic-energy cutoff was set to
500 eV. We performed the climbing nudged elastic band
(cNEB) method to obtain the static energy profiles for
diffusions of ions.>* Beyond the static description, the classical
and quantum free-energy profiles at finite T°s were calculated
with constrained ab initio MD and constrained centroid ab
initio PIMD methods.’® More details about these computa-
tional setups are provided in the Supporting Information.

A lateral structure Au/MAPbI;/Au on silica substrate was
fabricated to perform galvanostatic characterization with
sufficiently weak current between 17 and 297 K (Figure la).
When a bias voltage is applied to the sample, mobile ions
(MA*/I"/H") drift toward the electrodes (Figure 1b). Ionic
transport properties, i.e., the kinetic constant K, can thus be
obtained in galvanostatic measurement. The current—voltage
curve of our lateral device shows a linear relationship,
indicating a uniform electric field across the device when a
bias voltage is applied. This is a standard method in mixed
conductor investigations.”**"*""** From previous time-resolved
optical spectroscopy study on MAPDI;, we can justify that the
time scale of charge and discharge process in MAPbI, is at least
3 orders of magnitude smaller than ionic accumulation.”
Therefore, the slow process with the time scale of a few
seconds observed in our sample can be safely attributed to the
ion migration. We use a two-terminal electrode to test the -V
characteristic of our sample, which shows an ideal linear
relationship between I and V. This linear relation indicates the
ohmic contact between MAPbI; and Au. When the current is
switched on from zero to a finite value (20 pA for MAPbL,),
the measured resistance concomitantly reaches an initial value
and then gradually increases to a stable value (Figure 1d). The
ionic migration inside the sample is the rate-determining
process, while the equilibrium value is determined only by the
electronic conductivity o, considering the ion-blocking
character of Au. Figures le—g show a schematic of this
evolution. Both electrons and the ions contribute to the
conductance when the current is switched on (Figure le). We
label this region as Region I in Figure 1d. Then, the mobile
ions are gradually depleted due to ionic accumulation near the
electrodes (schematically shown in Figure 1f, labeled as Region
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II in Figure 1d). Finally, the conductance keeps constant with
all mobile ions blocked and only electronic conductance
remains (schematically shown in Figure 1g), labeled as Region
III in Figure 1d. The Kj,, is extracted by exponential fitting of
the relaxation process in Figure 1d and Supplementary Figure
S1. We note that the ionic conductivity o;,, can be separated
from the total conductivity 6, by subtracting the electronic
conductance o0, using 6y, = O — O, Where the total
conductivity is based on the V—I curve in Figure lc.

The original data for galvanostatic measurements at varying
T’s is shown in Figure 2a,b. In Figure 2c, we show K., as a
function of 1000/T. The logarithmic coordinate is chosen for
the y axis. Above ~270 K, In K, depends linearly on 1000/T.
According to the transition state theory (TST), this is a clear
indication that the classical hopping of one kind of ions is the
dominant mechanism for ion diffusions. The slope indicates an
overall activation energy of ~0.4 eV for the migration of this
kind of ion across the bulk, as summarized in Table 1. Below

Table 1. Summary of the Ionic Transporting Behaviors at
Different T’s Based on the Experimentally Measured K,

and 6;,,

Kion Oion

activation energy activation energy
temp range (K) (ev) temp range (ev)

orInK,vs T orlnog, vs T
T > 285 ~0.4 T > 270 ~0.6
285> T > 140 ~0.1 270 > T > 140 ~0.1
140 > T > 75 linear slope to 140 > T > 8K linear slope to

horizontal horizontal

75> T horizontal 85>T horizontal

~270 K, the linear dependency keeps, but the slope gives a
much smaller migration barrier of ~0.1 eV. In the T range of
~140 to ~80 K, we see a gradual transition from linear
dependency with a finite slope to a horizontal line. Below ~80
K, InK,, becomes T-independent. Measurements on the

conductivity of MAPbI; show similar results, which are
summarized in Supplementary Figure S1 and Table 1. The
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Figure 3. Schematic illustration of different kinds of ionic migration processes in tetragonal phase of MAPbI,. (a) V- hopping along the Pbl
octahedron edge and Vp, hopping between neighboring octahedron. (b) Vi~ migration into the neighboring A-site cage. (c) Various proton
migration processes within one Pbl, octahedron (1—2, 2—3, 3—4, 4—1) and between neighboring Pbl octahedrons (1—1’, 2—2/, 3—3’, 4—4") with
a view along the ¢ axis. The red-line circles with numbers inside represent different kinds of sites for proton. (d) Proton migration processes as in
(c) but with a view along the b axis. The Black (purple, grown, silver, and pink) balls represent Pb (I, C, N, and H) atoms.

behaviors of ionic migrations as described above still remain,
except for a larger activation energy above 270 K and very
small differences on the transition T’s due to uncertainty of the
fitting. The T-independent behavior of InKj,, below 80 K
should be related to the deep quantum tunnelinﬁ of the ions
rather than the conventional classical hopping.**** Due to the
light mass of H, H" is the most likely source with which this
tunneling can happen. In MAPbI;, H"’s are most likely formed
upon deprotonation of MA*.>**° To confirm this conjecture,
we manufactured the same lateral structure, i.e., Au/CsPbL,Br/
Au, using an inorganic material without H (CsPbL,Br).
Analysis on the galvanostatic measurement allows the same
examination on the relations between kinetic constant In K ,
and 1/T. In contrast to MAPbI;, we do not observe a constant
In Kj,, below 80 K, but a constantly increasing tendency until
the lowest T we can measure (see Supplementary Figure S2).
Therefore, we can safely draw the conclusion that the
horizontal lines below ~80 K in Figure 2 are intrinsic to
MAPbI;, closely related to the presence of H'.

These experiments provide valuable information for ionic
migrations in MAPbI,. To further understand the underlying
mechanism, ab initio simulations are needed. We do this by
using classical static nuclei and resorting to the cNEB method
at first. The tetragonal phase of MAPbI; is chosen to study the
ionic diffusion processes within the perovskite lattice.”*
Diffusion channels for vacancy Pb** (Vpy), vacancy I (Vy),
vacancy MA* (Vy4+), and interstitial H* were shown in Figure
3. The cNEB barriers are summarized in Table 2. The
experimental diffusion barrier of ~0.4 eV above ~270 K is
close to the calculated diffusion barrier of V;~, whose cNEB
barrier is 0.47 eV. The barriers for Vp,> and Vy,+ are much
larger, and those for H" are much smaller. Therefore, the V-
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Table 2. Theoretical Ionic Diffusion Barriers in MAPbL,*

Vsz'
(eV)

173

Vi Vit (elementary process)
(eVv) (eVv)
047 0.07 (2-3)

030 (4—4")

027 (1-2)

0.30 (4—4")

0.17 (1-2)

0.20 (4—4")
“AFC is obtained from the ab initio constrained MD simulations, and
AFQ is obtained from the ab initio constrained PIMD simulations
within the T range 300—75 K. Their differences show the reduction of
the activation free-energy due to NQEs.

Vi’
(eV)

/ NEB 0.79
AF°¢

AFR

ions are most likely to be the main diffusive ion above 270 K.
Below 270 K, an experimental barrier of ~0.1 eV exists. The
various elementary processes for H* diffusion, as shown in
Figure 3c¢,d, exhibit different barriers, lying between 0.07 and
0.3 eV. The H* diffusions in the orthorhombic phase of
MAPDI, have also been studied with the cNEB method, which
show very small differences with those in the tetragonal phase,
as shown in Supplementary Figure S7. At finite T’s,
fluctuations of the Pbly octahedron cages allow these H*
transfer channels to interchange. Therefore, from a statistical
perspective, the effective H' transfer energy barrier is likely to
take smaller values among them. Additionally, our Ilater
theoretical simulations will show that the NQEs can further
reduce the classical free-energy barriers by ~30—40%, so H*
should be the only possible source for the o;,, in this T range
(270—140 K). Further, the linear dependency of In K, on 1/T
suggests that deep quantum tunneling is weak.*” Classical
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Figure 4. Calculated free-energy profiles and H* jump rates at varying T’s. Free-energy profiles obtained with ab initio constrained MD and PIMD
simulations at varying T’s for two rate-limiting proton migration processes, (a) 1—2 and (b) 4—4’. PIMD simulation snapshots for the TS are given
as the insets to show the deep tunneling behavior of H*. The calculated T-dependency of H" jump rates for diffusion processes (c) 1—2 and (d) 4—
4/, respectively. Red and black dashed lines represent the calculated quantum and classical hopping rates.

hopping and shallow tunneling are still the dominant
mechanisms. Between about 140 and 80 K, we see a typical
gradual transition from classical hopping dominating region to
quantum tunneling dominating region. Below ~80 K, the T-
independent diffusion rate indicates that deep quantum
tunneling is the main ionic transport channel. Again, H" is
the only possible charged carrier responsible for the deep
tunneling behavior.

To quantitatively characterize the quantum tunneling effects,
we resort to the path-integral representation of quantum
mechanics for the description of the NQEs.”**** Among the
elementary H" transfer processes shown in Figure 3¢, which
altogether form continuous in-plane diffusion channels, we
have chosen the two paths (1—2 and 4—4") with the highest
static energy barriers. This provides the most conservative
estimation of NQEs on the H" diffusion. In realistic systems,
considering the rotations of the Pbl, octahedron cages and the
smaller barriers of other elementary processes, the reduction of
the effective H transfer energy barrier due to NQEs should be
larger. In our simulations, by constraining the centroid of H" at
various values along specific reaction coordinate, we can
manipulate the H* to migrate between two sites.****** The
profiles of the mean constrained forces are shown in
Supplementary Figure S4, at varying T’s for H' transfer
processes of 1—2 and 4—4'. By integrating over the forces, we
obtained the free-energy profiles (in Figure 4a,b). Then, on the
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basis of the classical TST and a practical version of quantum
TST,***® we calculate the classical and quantum jump rates
(K¢ and KQ) for H*. The results are shown in Figure 4¢c,d. We
note that K, in Figure 4 and K, in Figure 2 have about §
orders of magnitude differences, which is mainly due to the
migration length differences between the H' jump process
(several A) and the migration of H' across the Au/MAPbI,/
Au device (50 gm). Moreover, the polycrystalline character of
our sample could also affect the K;,,, which implies that the
absolute values of the theoretical K and the experimental K,
might not be directly comparable. Rather, their T-depend-
encies should be analyzed. With classical nuclei, the barrier
height is T-independent. TST gives a linear dependency of
InK. on 1000/T with a finite slope corresponding to the
magnitude of the activation energy (Figure 4c,d). With
quantum nuclei, the mean constrained force weakens at the
transition state (TS) due to the delocalization of H*. At 50 K,
we see a completely delocalized quantum path of the H" in the
insets of Figure 4a,b, which significantly reduces the diffusion
barrier for H'. The T-dependency of K, gives good theoretical
interpretations of the experimental measurements in Figure 2.
Substantially linear dependency of In Ky on 1000/T with a
finite slope above 75 K suggests that the deep quantum
tunneling is not the dominant mechanism (in Figure 4c,d).
Through linear fitting of In Ky versus T within the T range
300-75 K, it is found that shallow quantum tunneling and
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zero-point motion effectively reduce the classical free-energy
barrier from 0.27 eV to the quantum barrier of 0.17 eV for the
1 —2 process, and from 0.30 to 0.20 eV for the 4—4’ process
(in Table 2). These theoretical results indicate that the
experimental measured small barriers of ~0.1 eV should have
large contributions from NQEs. Below 75 K, delocalized
quantum proton along the diffusion path as shown in insets of
Figure 4ab and the significant NQEs on In K suggest that
deep quantum tunneling is dominant.”” These results show
that the proton migration changes gradually from being
dominated by classical hopping, through shallow quantum
tunneling, to deep quantum tunneling as T decreases and
provide a clear theoretical rationalization of our experimental
observations.

In summary, we have performed a combined experimental
and theoretical study of the T-dependent ionic migrations in
MAPDI;. The transition from the classical hopping to the deep
quantum tunneling at low T’s and the contrasting behaviors of
the ionic migrations between hybrid and inorganic lead iodide
perovskites provide the first experimental evidence, to the best
of our knowledge, for continuous H* diffusions in MAPbI;.
Given the dearth of understanding about the elementary
processes of ionic diffusions in OIHPs, especially under varying
T’s and with the quantum nature of the nuclei taken into
account, this study has a number of implications. One
important point is that quantum tunneling of H', a
phenomenon often reported in studies of H-bond dynamics,
biological processes, chemical physics surface reactions, etc.,
can be relevant to the performance of this popular condensed
matter in green energy research. When coupled with
nonadiabatic electronic dynamics,” it also suggests that
understanding the optical energies beyond the framework of
conventional Born—Oppenheimer approximation, in which the
interaction between the quantum nature of the nuclei and the
nonadiabatic nature of the electronic dynamics is crucial, can
also potentially become a subject of cutting-edge studies.’
Under cryogenic conditions, our results indicate that the
conventional classical descriptions of the nuclei are insufficient.
Although many earlier theoretical and experimental studies
have captured this feature by theoretically addressing the
electron—phonon interactions or experimentally analyzing the
isotope effects, a quantum treatment of both the electrons and
the nuclei is strongly recommended in these systems involving
H. We hope this study can stimulate more experimental and
theoretical works in these directions.
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