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Formamidinium lead triiodide perovskites with
improved structural stabilities and photovoltaic
properties obtained by ultratrace dimethylamine
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Abstract
Applications of organic–inorganic formamidinium (FA) lead triiodide (FAPbI3) perovskites in high-efficiency solar cells
often suffer from spontaneous α-to-δ phase transitions. However, current efforts to inhibit this phenomenon based on
simple cation and anion alloying strategies continue to suffer from unintended consequences, such as unfavorable
shifts in the bandgap energy and unwanted phase separation during operation. The present work compares the
effects of bromine (Br) anion and dimethylamine (DMA) cation alloying on the structure and properties of FAPbI3
perovskite in detail. DMA-incorporated FAPbI3 perovskites show significantly improved structural stability and
photovoltaic performance, while the inherent bandgap energy of the original material is maintained. Rigorous
analyses demonstrate that the relatively large size and free isotropic motion of the incorporated DMA cations
constrain the dynamic space of neighboring FA cations, which increases the degree to which the FA cations interact
with the inorganic lattice and therefore stabilizes the PbI6 lattice structure without significant lattice distortion. Hence,
this work demonstrates an efficient method for improving the phase stability of FAPbI3 perovskite materials while
providing a plausible molecular mechanism for the stability engendered by the alloying of DMA and FA.

Introduction
Organic–inorganic halide perovskite semiconductor

materials have been widely used in a variety of photo-
voltaic devices, such as perovskite solar cells (PSCs)1–3,
light-emitting diodes4–6, and photodetectors7–9, owing to
their excellent photovoltaic properties10,11 and easy, low-
cost preparation12. In fact, well-designed perovskite PSCs
have achieved power conversion efficiency (PCE) values as
high as 25.2%13, which is comparable to those of con-
ventional silicon-based solar cells14. Most PSC materials
employ organic formamidinium (FA) or methylamine
(MA) cations in conjunction with inorganic PbI3

perovskite components15. Among these, FAPbI3 is gen-
erally preferred to MAPbI3 owing to its better thermal
stability16, better charge carrier transport properties17,
and narrower bandgap energy extending into the near
infrared (NIR) region18,19. However, practical PSC appli-
cations based on FAPbI3 are seriously limited by the
spontaneous transformation of the photovoltaically active
black α-phase of FAPbI3 to the unwanted but more stable
yellow δ-phase of FAPbI3 at room temperature20.
This issue is effectively addressed via various cation

alloying and/or anion alloying strategies, which have
demonstrated dramatic improvements in both the stabi-
lity and photoelectric efficiency of FAPbI3 materials21–23.
For example, past studies have demonstrated that sub-
stituting FA cations with much smaller inorganic cations,
such as Cs24 and Rb25, can enhance the stability of FAPbI3
by adjusting the Goldschmidt tolerance factor associated
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with the stability of the α- and δ-phases. Similarly, the
partial incorporation of MA cations into FAPbI3 has been
demonstrated to stabilize the α-phase by facilitating
stronger hydrogen bonds with the inorganic lattice26,27.
Other studies have demonstrated that the partial incor-
poration of Br anions in FAPbI3 can also stabilize the α-
phase28,29. Moreover, a synergistic effect on α-FAPbI3
stability has been demonstrated by a combined cation and
anion alloying strategy, resulting in a new highly stable
(FAPbI3)0.9(MAPbBr3)0.05(CsPbBr3)0.05 mixed cation and
mixed halide perovskite composition30,31. However, while
considerable success has been obtained by these various
alloying strategies, the increased stability and photo-
electric efficiency have often been accompanied by unin-
tended consequences32. For instance, the incorporation of
Br may induce a blueshift of the bandgap, deviating from
the ideal Shockley–Queisser limit33, and concurrently
introduce a risk of phase segregation under illumina-
tion34,35. However, MA-containing perovskites may suffer
from poor long-term stability in devices due to the low
thermal stability of MA molecules36. The negative con-
sequences significantly restrict the large-scale develop-
ment of FAPbI3-based PSC applications. Addressing these
issues has generated considerable interest in the field of
perovskite alloying for PSC applications.
The present work addresses these issues by incorpor-

ating an ultratrace dimethylamine (DMA) for FAPbI3-
based PSC applications. Here, the DMA cation
[(CH3)2NH2

+] has an ionic radius of 272 pm, which is
slightly greater than that of the FA cation (253 pm), and a
greater number of hydrogen atoms than FA and therefore
favors greater interactions with the inorganic perovskite
lattice37. These factors enable DMA to be used in very
small concentrations as an alternative cation for stabiliz-
ing α-FAPbI3 and thereby avoiding unintended effects. In
addition, it is usually believed that the choice of A-site
cations in 3D perovskite cages is limited by the empirical
Goldschmidt tolerance factor, and 3D perovskites tend to
form when 0.8 < t < 1.038. According to this theory, DMA
seems to be too large to be incorporated into the lead
iodine 3D lattice. However, many recent reports indicate
that this tolerance factor theory might not be suitable for
perovskites containing more complex organic cations39.
For example, although hydroxylammonium and hydrazi-
nium cations have nearly the same size as MA40, these
cations cannot be incorporated into the PbI3 framework.
Furthermore, it was reported that the large cation DMA
can be easily incorporated into 3D perovskites by a cation
alloying strategy41.
In this work, the phase stability, bandgap energy, charge

carrier behavior, and molecular dynamics of mixed-cation
FA1−xDMAxPbI3 perovskite (x= 0, 0.016, 0.025) single-
crystal samples are subjected to a wide range of analyses,
including the measurement of visible-NIR (Vis-NIR)

absorption spectra, steady-state and time resolved (TR)
photoluminescence (PL) measurements, photoresponse
measurements of planar-type photodetector devices, dif-
ferential thermal analysis (DTA), X-ray diffraction (XRD)
measurements, and static 1H, 207Pb, and 2H nuclear
magnetic resonance (NMR) spectroscopy measurements.
The details of the fabrication processes and character-
ization methods are presented in the Supporting Infor-
mation (SI). We also compare these extensive analyses
with those obtained for mixed-halogen FAPb(I1−yBry)3
(y= 0.05, 0.1) perovskite. These rigorous analyses
demonstrate that the proposed DMA substitution strategy
can significantly improve the phase stability against water-
oxygen infiltration and thermal cycling, and the photo-
electric response is enhanced, while the inherent bandgap
energy is maintained. Moreover, these analyses demon-
strate that the molecular dynamic mechanism leading to
the high structural stability obtained by DMA incor-
poration is quite different from that of the Br-
incorporated samples. Here, the relatively large size and
free isotropic motion of the incorporated DMA cations
constrain the dynamic space of FA cations, which greatly
increases the degree to which FA cations interact with the
inorganic lattice and therefore stabilizes the PbI6 lattice
structure without significant lattice distortion. In contrast,
the structural stability obtained by Br substitution is
attributable to the significant degree of lattice distortion
arising from the mismatch between the different Pb
environments produced under Br substitution, which
stabilizes the phase of the lattice structure but also results
in lower crystallinity and an unwanted change in the
bandgap energy. Accordingly, this work demonstrates an
efficient method for improving the phase stability of
organic–inorganic FAPbI3 perovskite semiconductor
materials and provides plausible molecular mechanisms
for the stability engendered by cation and halogen alloying
in FA-based perovskites.

Materials and methods
Materials synthesis
Deuterated ND2CH=ND2I (FA(d4)I) was synthesized

by dissolving FAI in deuterium oxide with a 1:20 molar
ratio in a 50mL flask, followed by vacuum freeze-drying
to remove the solvent. This process was repeated three
times to obtain the final deuterated precursor.

Growth of FA1−xDMAxPbI3 single crystals
A solution containing FAI, DMAI, and PbI2 in a molar

ratio of (1− x): x: 1 (x= 0, 0.05, 0.07) was prepared in γ-
butyrrolactone (GBL) at room temperature (20 °C). The
solutions were filtered using a polytetrafluoroethylene
(PTFE) filter with a 0.2 mm pore size, heated to 110 °C,
and held at that temperature until the desired single
crystals formed. The maximum value of x was selected
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based on the fact that the DMA-incorporated FAPbI3
single crystals are unable to grow from the precursor
solution when x > 0.07. The DMA-containing FAPbI3
single crystals are tentatively named FA0.95DMA0.05 and
FA0.93DMA0.07 based on the stoichiometry of the sub-
strates used in the synthesis. A similar procedure was
employed to synthesize the corresponding deuterated
N-deuterated FA(d4)1−xDMAxPbI3 and C-deuterated
FA1−xDMA(d6)xPbI3 single crystals. The shapes and
sizes of the obtained single crystals were consistent at all
values of x considered (Fig. S1).

Growth of FAPbPb(I1−yBry)3 single crystals
For Solution 1, an equimolar mixture of FAI and PbI2

was dissolved in GBL, and the solution concentration
was controlled at 1.2 M. For Solution 2, an equimolar
mixture of FABr and PbBr2 was dissolved in DMF, and
the solution concentration was controlled at 1.2 M.
Specific volumes of Solution 1 and Solution 2 were
mixed in glass vials according to the desired value of y.
Finally, the mixed precursor solutions were filtered
using a PTFE filter with a 0.2 mm pore size, heated to
110 °C, and held at that temperature until the desired
FAPb(I1−yBry)3 (y= 0.05, 0.1) single crystals formed. A
similar procedure was employed to synthesize the cor-
responding deuterated FA(d4)Pb(I1−yBry)3 single
crystals.

Fabrication and photoresponse measurements of
photodetector devices
Planar-type photodetector devices (Fig. S2) were fabri-

cated by depositing Au electrodes via vacuum evaporation
on the top surface of the single-crystal samples. The Au
electrodes were 0.76 mm in length and 60 µm in width,
with a thickness of approximately 100 nm, while the
bridging-gap width of the electrodes was 80 μm. The
effective absorber area of each device was 0.0608 mm2.
The photoresponse characteristics of the photodetectors
were collected under varying bias voltages using a
Keithley 2400 source meter under pulsed illumination
conditions at 1 Hz from a solar simulator with an optical
power density of 20 mW/cm2.

Powder X-ray diffraction (XRD)
Single-crystal samples were ground into fine powder,

and powder XRD was conducted at room temperature
using a Bruker AXS D8 diffractometer operated at 40 kV
and 30mA with CuKα radiation (λ= 1.54186 Å).

Long-term water-oxygen stability testing
The fine powder samples were stored in an incubator at

room temperature with a relative humidity of 65% for
more than 150 days, and the samples were characterized
at daily intervals by using powder XRD.

Visible and near infrared (Vis–NIR) absorption spectra
measurement
Vis–NIR absorption spectra were obtained at room

temperature in the 600–900 nm region using a Lambda
950 spectrophotometer (PerkinElmer, USA) with an
integrating sphere attachment.

Steady-state and time resolved (TR) photoluminescence
(PL) measurements
Standard static-state PL measurements were conducted

at room temperature over the 650–950 nm range using a
Renishaw in Via Reflex Raman microscope with a 625 nm
laser as the excitation source. The TR-PL measurements
were conducted at room temperature using a PicoQuant
Fluo Time 300 fluorescence spectrometer with a 625 nm
pulsed laser diode as the excitation source.

Thermal analysis
Single-crystal samples were ground into fine powder,

and thermogravimetric analysis (TGA) was conducted
with a TA Instruments SDT-Q600 analyzer. During
testing, approximately 5 mg of an-prepared single crystal
powder was transferred into an Al2O3 crucible and heated
from room temperature to 600 °C at a ramp rate of 5 °C/
min under flowing N2 gas.

Nuclear magnetic resonance (NMR) spectroscopy
Single-crystal samples were ground into fine powder

and immediately subjected to NMR spectroscopy mea-
surements. 1H NMR spectra were acquired at room
temperature using a Bruker Avance HD X500 500MHz
spectrometer. The individual samples were prepared by
dissolving a small portion of the dried powder (~10 mg) in
a DMSO-d6 solution (0.5 mL). The delay time was set to
30 s to allow for complete relaxation between experi-
ments. 207Pb NMR spectra, 2H NMR spectra and 2H
saturation recovery T1 measurements were acquired using
a Bruker Avance III 300MHz spectrometer equipped with
a two-channel static polarization enhancement (PE) probe
with a custom made 2.5 mm coil. The 207Pb spectra were
acquired using a single-pulse excitation pulse sequence
with a recycle delay of 2 s. All 207Pb NMR spectra were
referenced to PbMe4 (δ (207Pb) = 0 ppm) by setting the
measured 207Pb peak of MAPbCl3 to −647.5 ppm. The 2H
spectra were acquired using a solid echo pulse sequence.
The 2H pulse width was 2 μs at a radio frequency (RF)
field strength of γB1/2π= 125 kHz with a recycle delay of
2 s. The 2H patterns were simulated via the weblab (http://
weblab.mpip-mainz.mpg.de/weblab/).

Results and discussion
Lattice structure of FA1−xDMAxPbPbI3 and FAPb(I1−yBry)3
The quantitative 1H NMR spectra shown in Fig. S3

verifies that the actual molar ratios of DMA/(DMA+ FA)
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in FA0.95DMA0.05 and FA0.93DMA0.07 are approximately
1.6 and 2.5%, respectively, indicating that trace amounts
of DMA cations can be incorporated into the lattice of
FAPbI3. In the following, the DMA-containing FAPbI3
single crystals are renamed as FA0.984DMA0.016PbPbI3 and
FA0.975DMA0.025PbPbI3 based on the actual molar ratios
of DMA/FA. The detailed crystalline structures of the as-
prepared FA1−xDMAxPbPbI3 (x= 0, 0.016, and 0.025)
perovskite samples at room temperature can be compared
based on the powder XRD patterns presented in Fig. 1a, b.
The XRD patterns in Fig. 1a are nearly identical, indi-
cating that the pure and DMA-containing samples all
conform to the cubic crystal structure of α-phase FAPbI3.
However, the results in Fig. 1b demonstrate that the dif-
fraction peaks increasingly shift to lower values of 2θ with
increasing DMA content. This indicates that DMA sub-
stitution produces some lattice expansion, which can be

attributed to the larger ionic radius of DMA relative to
that of FA. Similar to what was observed in Fig. 2a, the
XRD patterns obtained for FAPb(I1−yBry)3 (y= 0, 0.05,
and 0.1) in Fig. 1c indicate that the Br-containing samples
also conform to the cubic crystal structure of α-phase
FAPbI3. However, the diffraction peaks shown in Fig. 1d
increasingly shift to higher values of 2θ with increasing Br
content. This indicates that Br substitution results in
lattice contraction, which can be attributed to the smaller
ionic radius of Br relative to that of I.
The static 207Pb NMR spectra obtained for FA1−x

DMAxPbI3 (x= 0, 0.016, 0.025) perovskite samples at
room temperature (~293 K) are presented in Fig. 1e. We
note that the 207Pb signal of FAPbI3 appears as a wide
isotropic peak centered at approximately 1491 ppm. This
observation is in good agreement with previously pub-
lished results42. Moreover, the 207Pb NMR signals of the

Fig. 1 Lattice structure characterizations of FAPbI3, FA0.975DMA0.025PbI3, and FAPbI0.9Br0.1 samples. Powder XRD patterns of FA1−xDMAxPbI3
(x= 0, 0.016, and 0.025) perovskite samples: a overall patterns; b single diffraction peak patterns in (a). Powder XRD patterns of FAPb(I1−yBry)3 (y= 0,
0.05, 0.1) perovskite samples: c overall patterns; d single diffraction peak patterns in (c). e Static 207Pb NMR spectra of FA1−xDMAxPbI3 (x= 0, 0.016,
0.025) perovskite samples. f Static 207Pb NMR spectra of FAPb(I1−yBry)3 (y= 0, 0.1) perovskite samples, where the peak of FAPb(I0.95Br0.05)3 has been
fitted based on the two Gaussian curves (dashed blue lines) with the combined peak given by the solid red line.
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DMA-containing samples are nearly identical to those
obtained for FAPbI3, indicating that DMA substitution
has no obvious effect on the local environment of the Pb
atoms in the perovskite lattice. In contrast, the static 207Pb
NMR spectra obtained for the FAPb(I1−yBry)3 (y= 0, 0.1)
perovskite samples presented in Fig. 1f exhibit obvious
differences, where the 207Pb NMR signal of FAPb
(I0.9Br0.1)3 has an asymmetric lineshape with an obviously
increased peak width. Fitting the signal peak using two
Gaussian curves yields two signal components centered at
1500 ppm and 956 ppm. Previous studies have assigned
the peaks at 1500 ppm and 956 ppm to [PbI6]

2− and
[PbBr3I3]

2−, respectively42,43. This result strongly indi-
cates that the incorporation of Br produces a mixed Pb
coordination environment. In addition, the large width of
the [PbI6]

2− signal component in FAPb(I0.9Br0.1)3 likely
results from local disorder in the Pb octahedra arising
from the mismatch between the distinct Pb environments.

Structural stabilities and photovoltaic properties of
FA1−xDMAxPbPbI3 and FAPb(I1−yBry)3
The DTA results obtained in a N2 atmosphere for the

FA0.975DMA0.025PbPbI3, FAPb(I0.9Br0.1)3, and FAPbI3
single-crystal perovskite materials are presented in Fig. 2a.
We note that the decomposition temperature of FAPb
(I0.9Br0.1)3 (310 °C) is far less than that of FAPbI3 (328 °C),
while the decomposition temperature obtained for
FA0.975DMA0.025PbI3 (336 °C) is much greater than that of
the pure sample. These results clearly indicate that the
proposed DMA substitution process can improve the
thermal stability of the FAPbI3 perovskite. Similar results
were obtained for the FA0.984DMA0.016PbPbI3 and FAPb
(I0.95Br0.5)3 single-crystal perovskite materials (Fig. S4).
The powder XRD results obtained for the FAPbI3,

FA0.975DMA0.025PbPbI3, and FAPb(I0.9Br0.1)3 perovskite
materials at specific intervals of time are presented in

Fig. 2b. The middle points of 3, 24, and 18 days represent
the first day when the δ-phase of FAPbI3 was detected in
the corresponding XRD patterns, while the terminal
points of 9, 141, and 114 days represent the first day when
the α-phase of FAPbI3 could no longer be detected in the
XRD patterns. We note that both substitution strategies
greatly increase the α-phase stability of FAPbI3. However,
the proposed DMA substitution strategy increases the
period of FAPbI3 α-phase stability by 24% (relative to the
terminal points) to 33% (relative to the middle points)
compared to that obtained by the Br substitution strategy.

Photovoltaic properties of FA1−xDMAxPbPbI3
The absorption spectra obtained for the FA1−xDMAxPbI3

(x= 0, 0.016, and 0.025) single-crystal samples are pre-
sented in Fig. 3a. These results clearly demonstrate that the
light-harvesting capability of the FAPbI3 perovskite remains
relatively unaffected by DMA substitution. The corre-
sponding Tauc plots (Fig. S5) indicate that the bandgap
energies of the FA1−xDMAxPbI3 single-crystal samples are
uniformly 1.46 eV. Interestingly, the PL spectra of the
samples given in the inset of Fig. 3a present a slight redshift
with increasing DMA content, which is indicative of a slight
decrease in the bandgap energy. This change probably arises
from the local lattice expansion caused by the larger ionic
radius of DMA44,45. However, the local lattice expansions
are not sufficient for altering the bandgap energy of the
entire sample, such that the absorption spectra exhibit no
evident change. In addition, the peak PL intensity is
observed to increase substantially with increasing DMA
substitution, suggesting that DMA incorporation reduces
the nonradiative losses of the material due to charge carrier
recombination. These results can be compared to the cor-
responding Vis-NIR absorption spectra and PL spectra
obtained for the FAPb(I1−yBry)3 (y= 0, 0.05, and 0.1) single-
crystal samples (Fig. S6a, b). According to the Tauc plots

Fig. 2 Stability characterizations of FAPbI3, FA0.975DMA0.025PbI3, and FAPbI0.9Br0.1 samples. a DTA thermograms with the corresponding
decomposition temperatures; b XRD patterns obtained after different periods in an incubator with a relative humidity of 70% at room temperature.
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given in the inset, the bandgap energies obtained for y= 0,
0.05, and 0.1 are 1.46, 1.49, and 1.52 eV, respectively.
Moreover, the PL spectra present an equivalent trend, and
Br incorporation appears to have no effect on the non-
radiative recombination losses of the materials. Accord-
ingly, the Br substitution process does not allow the
bandgap energy of the original FAPbI3 perovskite to be
retained, and the optical absorption range is significantly
decreased.
The effect of DMA incorporation on the charge carrier

recombination process can be experimentally evaluated
according to the TR-PL spectra presented in Fig. 3b. A
biexponential-function fitting process was applied to the
spectra to obtain two time components, including the
fast-decay component (τ1) and long-decay component
(τ2), which are included within the legend of Fig. 3b. We
note that both τ1 and τ2 increase substantially with
increasing DMA incorporation, which further demon-
strates that increasing DMA incorporation progressively
decreases the rates of charge carrier recombination in the
FA1−xDMAxPbI3 perovskites.
The photoelectric responses of equivalently configured

planar-type photodetector devices (Fig. S2) based on the
FA1−xDMAxPbI3 (x= 0, 0.025) single-crystal perovskite
samples are presented in Fig. 3c as a function of applied
bias voltage. The experimental testing setup is illustrated
in the bottom inset of Fig. 3c, and the top inset in the
figure demonstrates that the photocurrents were col-
lected under repeated ON/OFF illumination cycles

derived from a solar simulator with an optical power
density of 20 mW/cm2. We note that the photocurrents
of both photodetectors represent nonlinear responses
with increasing voltage. However, the photocurrent
derived from the FA0.975DMA0.025PbI3 single crystal
increases much more rapidly with increasing bias voltage
and is greater than that of the FAPbI3-based photo-
detector over the entire voltage range considered. For
example, the photocurrent obtained by the FA0.975D-
MA0.025PbI3 device was approximately 5 μA at a 4 V bias,
while the corresponding photocurrent of the FAPbI3
device was only 2.5 μA.

Structural dynamics of FA1−xDMAxPbPbI3 and FAPb(I1−yBry)3
The 2H NMR spectra obtained for the selectively

N-deuterated FAPbI3, FA0.975DMA0.025PbI3, and FAPb
(I0.9Br0.1)3 samples (i.e., FA(d4)PbI3, FA(d4)0.975DMA0.025

PbI3, and FA(N-d4)Pb(I0.9Br0.1)3, respectively) at room
temperature are presented in Fig. 4a. The three spectra differ
markedly, where a single sharp peak is observed for the
spectrum of FAPbI3, which has a complicated Pake lineshape
with a doublet peak separation of 17 kHz, a single sharp peak
sitting in the middle of the doublet is observed for the
spectrum of FA0.975DMA0.025PbI3, and a single wide peak
with a Gaussian lineshape is observed for the spectrum of
FAPb(I0.9Br0.1)3.
The lineshapes of static 2H NMR spectra are known

to depend strongly on molecular motions. In general,
well-defined restricted molecular motions result in

Fig. 3 Optical characterizations of FA1−xDMAxPbI3 (x= 0, 0.016, and 0.025) samples. a Vis–NIR absorption spectra with the corresponding PL
spectra inset; b TR-PL spectra with the results of fitting and the correspondingly obtained fast-decay (τ1) and long-decay (τ2) components.
c Photocurrent versus applied bias voltage (I–V) curves obtained under pulsed illumination conditions at 1 Hz from a solar simulator with an optical
power density of 20 mW cm−2 for photodetector devices fabricated with FAPbI3 and FA0.975DMA0.025PbI3 single-crystal samples. The photocurrents
obtained under the pulsed illumination conditions are illustrated in the top inset, while the bottom inset presents a schematic illustrating the
photodetector device testing process.
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characteristically wide lineshapes, whereas fast unrest-
ricted molecular motions often result in the narrowing
of signal envelopes46. Therefore, the single narrow peak
in the 2H NMR spectrum of FAPbI3 indicates that the
FA cations likely undergo fast and unrestricted reor-
ientation, as illustrated on the left side of Fig. 4b, which
is in good agreement with the findings of previous
studies47. The complicated lineshape observed for
FA0.975DMA0.025PbI3 indicates that the reorientation
dynamics of the cations are inhomogeneous and likely
undergo a mixture of restricted and unrestricted
motions as illustrated on the right side of Fig. 4b, where
the signal component having the wide doublet line-
shape is representative of some FA cations undergoing
relatively slow and restricted reorientation, whereas the
single narrow peak represents some FA cations under-
going fast isotropic motion. In addition, following the
literature, an analysis of the spin-lattice relaxation
times in Fig. S7 yields 1.23 and 1.91 ps for the corre-
lation times of FA in FAPbI3 and FA0.975DMA0.025PbI3,
respectively48. This indicates that the FA cations in
FA0.975DMA0.025PbI3 might have slower mobility than
those in FAPbI3. It should be noted that the correlation
times of FA in both FAPbI3 and FA0.975DMA0.025PbI3
are in the picosecond range, which is far above the fast
limit of the sensitive time scale of the 2H NMR line-
shape analysis.
In contrast to these spectra, the single wide Gaussian

peak lineshape observed for FAPb(I0.9Br0.1)3 indicates that
the cations in this case likely undergo some restricted
isotropic reorientation. The observed cation motion is
therefore similar to that of FAPbI3 but with a greatly
reduced reorientation rate, which is possibly due to spatial
restrictions arising from the distortion of the perovskite
lattice after Br incorporation. In the literature, lattice
distortion in Br/I lead halide perovskites has attracted
considerable interest in recent years. By DFT calculations,
Dou et al. revealed that the introduction of I− anions into
lead bromine perovskite may deform the crystal symmetry

and induce the clear lattice distortion of perovskite49. By
ab initio molecular dynamics (MD) simulations, Boukh-
valov et al. reported that partial substitution of I with Br
can create additional, stable lattice distortions50. The
observations in these works are well in line with our
observations.
The FA and DMA cation dynamics in FA0.975D-

MA0.025PbI3 were further investigated by applying
temperature-dependent 2H NMR spectroscopy with
selectively N-deuterated FA(d4)PbI3, FA(d4)0.975
DMA0.025PbI3, and C-deuterated FA0.975DMA(d6)0.025
PbI3 samples. The corresponding 2H NMR spectra
acquired at different temperatures are presented in Fig.
5a–c, respectively. The phase transition of FAPbI3 from
the tetragonal phase to the cubic phase occurs at 285
K51. Here, the temperatures of 245 and 280 K are
associated with the tetragonal phase of FAPbI3, whereas
the temperature of 300 K is associated with the cubic
phase. A comparison of Fig. 5a and b indicates that
DMA substitution has very little effect on the dynamics
of the FA cations at temperatures of 245 and 280 K.
Both the FAPbI3 and FA0.975DMA0.025PbI3 samples
exhibit a 40 kHz difference between the doublet peak
frequencies at 245 K, which indicates that the reor-
ientation dynamics of the FA cations are restricted
completely owing to contraction in the perovskite lat-
tice at the low temperature. The much smaller peak
widths observed at a temperature of 280 K indicate that
the restriction on the reorientation dynamics of the FA
cations is significantly reduced at that temperature. The
substantial decrease in the peak widths observed at
300 K is attributable to the phase transition of FAPbI3
from the tetragonal phase to the cubic phase at 285 K52.
Accordingly, we can conclude that DMA incorporation
does not alter the phase transition temperature of the
perovskite lattice. However, as observed already, the
reorientation dynamics of the FA cations are somewhat
restricted by DMA incorporation at 280 K and 300 K
compared to those observed for FAPbI3.

Fig. 4 Cation dynamic characterizations of FAPbI3, FA0.975DMA0.025PbI3, and FAPbI0.9Br0.1 samples. a Static 2H NMR spectra obtained for
selectively deuterated FA(d4)PbI3, FA(d4)0.975DMA0.025PbI3, and FA(d4)Pb(I0.9Br0.1)3 samples at room temperature. b Illustration of unrestricted FA
reorientation dynamics (left) and the semirestricted motion characteristic of the condition obtained after DMA substitution (right).
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The 2H NMR spectra in Fig. 5c obtained for the selec-
tively C-deuterated FA0.975DMA(d6)0.025PbI3 sample
exhibit DMA reorientation dynamics that differ markedly
from those associated with the FA cations in the FA
(d4)0.975DMA0.025PbI3 and FA(d4)PbI3 samples. While a
Pake lineshape is observed at a temperature of 245 K, the
difference between the doublet peak frequencies is only
15 kHz, indicating that the reorientation dynamics of the
DMA cations are less restricted at this temperature than
those of the FA cations. However, a single peak with a
relatively broad Gaussian lineshape is observed when the
temperature increases to 280 K. As was observed in Fig. 4a
for the FA cations in FAPb(I0.9Br0.1)3, this indicates that
the DMA cations likely undergo some restricted isotropic
reorientation at a reduced reorientation rate relative to
that observed for FAPbI3 at room temperature. Finally, a
narrow Gaussian peak is observed at 300 K, which
strongly indicates that the DMA cations undergo fast
isotropic reorientation.
A quite intriguing observation among these results is

that the 2H NMR peaks of FA0.975DMA(d6)0.025PbI3 are
always much narrower than those of FA
(d4)0.975DMA0.025PbI3 at a given temperature, although
the DMA cations have a slightly larger ionic radius than
the FA cations and would therefore be expected to
demonstrate more restricted dynamics. To compare the
motion of the two cations more definitively, we obtained
the most likely motion model of the two cations in the
low-temperature phase by a simulated deuterium spec-
trum (Figs. S8 and 9). According to the simulated results,
DMA has more motion freedom than the FA molecules in
FA0.975DMA0.025PbI3. This indicates that the FA cations
have stronger interactions with the inorganic perovskite
lattice than the DMA cations.
Another intriguing observation from the 2H NMR

spectroscopy results presented herein is that DMA sub-
stitution can result in inhomogeneous cation reorienta-
tion dynamics in the samples. However, this has a twofold
meaning in that the reorientation dynamics of the FA
cations themselves are inhomogeneous at room

temperature and above (Fig. 5b), and they differ from
those of the DMA cations at all temperatures considered
(Fig. 5c). It is worth noting that the inhomogeneous cation
dynamics essentially reflect an atom-level local strain in
the lattice caused by the incorporation of large cations.
Compared with the Br/I alloying strategies that directly
change the inorganic lattice, the incorporation of large-
sized cations can induce subtler strains and consequently
localized distortions in the lattice. This is also supported
by recent experimental and theoretical reports. For
example, Ghosh et al. demonstrated that the incorpora-
tion of large cations such as DMA and GA in a FAPbI3
lattice will bring about a locally distorted low-symmetry
structure by ab initio simulations53. Eperon et al. reported
that the incorporation of DMA in FAxCs1−xPbIyBr3−y

perovskites will result in an octahedral tilt angle change of
∼1°54. Furthermore, Ghosh et al. found that the local
lattice strain caused by cation alloying results in the
restricted rotational motion of FA cations and strong FA-
iodide (N−H···I) hydrogen bonding interactions55.
These observations can be readily applied for deter-

mining the mechanism by which DMA substitution
affects the phase stability and photovoltaic properties of
FAPbI3. First, the relatively large size and free isotropic
motion of the incorporated DMA cations compress the
dynamic space of neighboring FA cations. As a result, a
proportion of the FA cations will be more geometrically
constrained by the surrounding inorganic lattice. The
effect of this constraint is twofold. Not only does this
constraint restrict FA cation motion, but it also increases
the degree of interaction of FA cations with the inorganic
lattice and therefore stabilizes the PbI6 lattice structure.
Second, the restricted FA cation motion can be expected
to reduce the strength of electron–phonon coupling by
restraining the structural fluctuations of the lattice56–58. A
reduced electron–phonon coupling strength is favorable
for supporting a higher charge carrier mobility and a
lower nonradiative electron–hole recombination rate and
therefore facilitates the charge carrier collection process.
Finally, the small concentration of DMA applied in the

Fig. 5 Double cation dynamics in FA0.975DMA0.025PbI3. Temperature-dependent static 2H NMR spectra obtained for selectively deuterated
a FA(d4)PbI3, b FA(d4)0.975DMA0.025PbI3, and c FA0.975DMA(d6)0.025PbI3 samples.
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substitution process does not lead to significant lattice
distortion and therefore precludes undesirable increases
in the bandgap energy and charge carrier recombination
rate. This mechanism can be contrasted with that of Br
substitution in FAPbI3. Here, the mismatch between the
different Pb environments produced under Br substitu-
tion leads to a distortion of the PbI6 lattice structure,
which restricts the reorientation dynamics of the FA
cations and thereby stabilizes the overall phase of the
lattice structure. However, lattice disorder not only results
in lower crystallinity, but significant lattice distortion also
generates an unwanted change in the bandgap energy.

Conclusion
The present work addressed the unintended consequences

arising from current efforts to inhibit the spontaneous α-to-
δ phase transitions of organic–inorganic FAPbI3 perovskites
based on simple cation and anion substitution strategies by
applying an ultratrace DMA substitution strategy for
FAPbI3-based PSC applications. The results of rigorous
analyses demonstrated that the proposed DMA substitution
strategy can significantly improve the phase stability and
photoelectric response of FAPbI3 perovskite materials, while
the inherent bandgap energy of the FAPbI3 perovskite is
maintained. The results of 2H NMR spectroscopy clearly
demonstrated that the relatively large size and free isotropic
motion of incorporated DMA cations constrain the dynamic
space of neighboring FA cations, which not only restricts FA
cation motion but also increases the degree to which FA
cations interact with the inorganic lattice and therefore
stabilizes the PbI6 lattice structure without significant lattice
distortion. Moreover, the restricted FA cation motion
reduces the strength of electron–phonon coupling, which
supports a higher charge carrier mobility and a lower non-
radiative electron–hole recombination rate and therefore
facilitates the charge carrier collection process. Finally, in
contrast to the Br substitution strategy, the small con-
centration of DMA applied in the substitution process does
not lead to significant lattice distortion and therefore pre-
cludes undesirable increases in the bandgap energy and
charge carrier recombination rate.
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