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Suppressed Lattice Disorder for Large Emission Enhancement 
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The soft nature of organic–inorganic halide perovskites renders their lattice 
particularly tunable to external stimuli such as pressure, undoubtedly offering 
an effective way to modify their structure for extraordinary optoelectronic 
properties. Here, using the methylammonium lead iodide as a representative 
exploratory platform, it is observed that the pressure-driven lattice disorder 
can be significantly suppressed via hydrogen isotope effect, which is crucial 
for better optical and mechanical properties previously unattainable. By a 
comprehensive in situ neutron/synchrotron-based analysis and optical char-
acterizations, a remarkable photoluminescence (PL) enhancement by three-
fold is convinced in deuterated CD3ND3PbI3, which also shows much greater 
structural robustness with retainable PL after high peak-pressure compres-
sion–decompression cycle. With the first-principles calculations, an atomic 
level understanding of the strong correlation among the organic sublattice 
and lead iodide octahedral framework and structural photonics is proposed, 
where the less dynamic CD3ND3

+ cations are vital to maintain the long-range 
crystalline order through steric and Coulombic interactions. These results 
also show that CD3ND3PbI3-based solar cell has comparable photovoltaic 
performance as CH3NH3PbI3-based device but exhibits considerably slower 
degradation behavior, thus representing a paradigm by suggesting isotope-
functionalized perovskite materials for better materials-by-design and more 
stable photovoltaic application.
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long electron/hole diffusion lengths, 
exceptional defect tolerance, and facile 
synthesis.[7] These extraordinary properties 
are structurally originated from the hybrid 
framework consisting of an inorganic sub-
lattice of corner-sharing PbX6 (X = Cl, Br, I)  
octahedral with an organic sublattice in 
the cuboctahedral cavities. The inorganic 
sublattice creates a crystalline long-range 
translational order while the organic cat-
ions can be viewed as a confined liquid 
due to its phonon dynamic and rotational 
disorder behavior, thus leading to a unique 
crystal-liquid duality.[8] As such, hybrid 
perovskites feature an intrinsic softness 
shown by their extremely low hardness 
and elastic moduli, being approximately 
10× lower than those of conventional sem-
iconductors such as Si or GaAs.[9]

The crystal-liquid duality and soft lattice 
enable hybrid perovskites to show a high 
compressibility and deformability under 
a small external strain field. It makes the 
pressure engineering for highly tunable 
properties easily accessible and provides 
a rare opportunity to understand the com-
plex structure-property relationship.[10–12] 
Recent discoveries have demonstrated var-

ious pressure-tailored physical properties such as phase tran-
sition,[13,14] morphology evolution,[15] bandgap engineering,[16,17] 
emission and carrier dynamics manipulation,[18–20] metalliza-
tion,[21] and dimensionality alternation,[22] which are crucial to 
achieve the desired characteristics for better materials-by-design.  
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1. Introduction

Hybrid lead organic–inorganic perovskites exhibit outstanding 
performance in energy applications for photovoltaics and light 
emission,[1–6] as a result of their high charge-carrier mobilities, 
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However, also being interlinked with the “crystalline liquid” 
behavior with a local dynamic disorder feature, a very mild 
strain will facilitate the motion of organic cations in hybrid lat-
tice, leading to the collapse of whole long-range order and result 
in property degradation. For example, the PL in compressed 
MAPbI3 quenches quickly and disappears at 1–2  GPa,[23] 
making the effective pressure treatment with efficient light-
matter interaction very limited. Such an inferior structural 
robustness also severely hinders the further potential in long-
term photovoltaic device and flexible electronics, where the 
mechanical stability is particularly important.[24,25] Therefore, it 
is essential to control the lattice order/disorder state of hybrid 
perovskites via an easily accessible route for better materials 
performance, which is also imperative for accurately under-
standing the critical interplay between the crystalline inorganic 
sublattice and neighboring liquid-like organic cations.

The isotope effect is manifested in the masses of the mole-
cules, their moments of inertia, the intermolecular interaction, 
and thereby various materials properties.[26] Moreover, isotope 
effect is strongly pressure-dependent, as evidenced by the dra-
matically changed phases and counterintuitive quantum effect 
in isotope hydrogen deuterium.[27] Yet, such an important 
effect is unfortunately ignored in high-pressure investigations 
on hybrid perovskites and few studies were conducted, failing 
to explore the possible novel properties in known materials. 
Indeed, it is substantiated that organic cation deuteration can 
impede rotational/vibrational dynamics upon the increasing 
moment of inertia,[28] mitigating the liquid-like behavior such 
as molecular re-orientation motions. This context therefore 
motivated us to study if the isotope effect can suppress the 
structural disorder, and facilitate the stability of hybrid perov-
skite material with enhanced optoelectronic performance.

Here, we performed in situ high-pressure photolumines-
cence (PL), optical and synchrotron-based infrared spectroscopic 
studies, and neutron/X-ray diffraction studies on deuterated 
perovskite CD3ND3PbI3 under pressure conditions. We dis-
covered that the lattice distortion is significantly suppressed at 
high pressures, followed by a giant enhancement of PL inten-
sity, delayed bandgap blueshift, and postponed metallization as 
compared to its non-deuterated CH3NH3PbI3 counterpart. The 
suppressed disorder characteristic was reproduced by our first-
principle molecular dynamics (FPMD) simulations. Contrary 
to CH3NH3PbI3, the retainable high PL intensity after com-
pression-decompression cycle are convinced in CD3ND3PbI3, 
demonstrating a greater mechanical endurance and structural 
robustness. We also studied the isotope effects on the device 
performance and observed a considerably slower degradation 
behavior of photovoltaic performance in CD3ND3PbI3-based solar 
cell device as compared to its CH3NH3PbI3-based counterpart at 
the same aging condition, thus holding the promise for better 
materials-by-design through simple isotope doping strategy.

2. Results and Discussion

2.1. Isotopic Nature Confirmation

First, we performed mass spectrometry tests on the perov-
skite precursor methylammonium iodide (MAI, or CX3NX3I, 

X = H or D), which confirmed the isotopic natures of the 
pristine CH3NH3PbI3 and deuterated CD3ND3PbI3 single 
crystals needed for further high-pressure investigations. As 
shown in Figure 1a, the mass spectrum of CD3ND3I displays 
prominent peaks at 38 and 203 m/z, which respectively cor-
respond to the charged molecular fragments of CD3ND3

+ and 
[(CD3ND3)I(CD3ND3)]+. By comparison, the mass spectrum 
of non-deuterated CH3NH3I shows consistently shifted m/z 
peaks at 32 and 191 m/z due to the H/D mass differences, which 
refer to the cationic CH3NH3

+ and [(CH3NH3)I(CH3NH3)]+ 
structures, respectively.[28] This isotopic effect is further sup-
ported by the proton nuclear magnetic resonance (1H NMR) of 
MAI, where we can see clear CH and NH resonance sig-
nals in CH3NH3I that are absent in CD3ND3I and deuterated 
DMSO solvent (Figure S1 Supporting Information). With these 
isotopic MAI salts, high-quality CH3NH3PbI3 and CD3ND3PbI3 
single crystals were successfully synthesized by inverse tem-
perature crystallization,[28,29] as detailed in the experimental sec-
tion of the Supporting Information. Multiple facets were clearly 
identified in the as-grown millimeter-sized CD3ND3PbI3 single 
crystal (Figure  1b), consistent with previous observations.[30,31] 
The as-grown crystals were then broken into micro-sized sam-
ples and loaded into a diamond anvil cell (DAC) for effective 
compression/decompression experiments (Figure  1c), which 
can precisely modulate the crystal lattice of perovskites and pin-
point their electronic/optical behavior at an atomic level.

2.2. Manipulating Light Emission and Bandgap Engineering

We then conducted in situ high-pressure PL measurements on 
CH3NH3PbI3 and CD3ND3PbI3 under hydrostatic pressures, 
the PL peak wavelength of both perovskites first displayed red-
shifts from 1 atm to ≈0.4 GPa, followed by a blueshift as pres-
sure was further increased (see Figure 1d and Figures S2–S4 for 
CD3ND3PbI3; Figure  1e and Figures S5–S7 for CH3NH3PbI3). 
This change at 0.4  GPa, is in good agreement with previous 
observations and can be interpreted as a pressure-induced 
phase transition.[18,23] Specifically, at low pressures from  
1 atm to 0.4 GPa, CD3ND3PbI3 exhibits an increased PL inten-
sity that is over two times the emission at 1 atm; whereas PL 
intensity in CH3NH3PbI3 is only enhanced by around 1.5-fold. 
At pressure above 1.2  GPa, the PL intensity of CD3ND3PbI3 
rises again, reaching a threefold enhancement at 2.5–3.0 GPa, 
while CH3NH3PbI3 completely lost its PL emission at ≈2.2 GPa 
(Figure 1f).

Complimentary to PL measurements, we also conducted 
optical absorption spectroscopy measurements on CD3ND3PbI3 
and CH3NH3PbI3 single crystals to have a full picture of the 
pressure-induced bandgap evolution (Figure 2). At ambient 
pressure, CD3ND3PbI3 has a 1.55  eV bandgap (Figure S8, 
Supporting Information), which is almost the same as that 
of non-deuterated CH3NH3PbI3 (1.54  eV, see Figure S9, 
Supporting Information),[18,29,32] which agrees with previous 
result that isotopic modification of the MA cation does not 
affect the static electronic band structures of perovskite crystals 
at ambient pressure.[28] Starting the compression, the bandgap 
of CD3ND3PbI3 exhibits a redshift from 1.55  eV at 1 atm to 
1.51  eV at 0.33  GPa (Figure  2a,b, Figures S8, S10, and S11), 
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followed by a blue jump to 1.62 eV at 0.51 GPa (Figures S12–S15).  
Such redshift and subsequent blueshift were also observed 
in CH3NH3PbI3 over a similar pressure range, strongly sug-
gesting that CD3ND3PbI3 has the same structural transition 
and thereby the changes in PbI orbital overlaps.[18,23]

Notably, although non-deuterated CH3NH3PbI3 shows the 
same bandgap evolution as CD3ND3PbI3 in the low-pressure 
range (from 1 atm to 2.0  GPa), a quite different behavior was 
observed at higher pressures. As shown in Figure  2c and  
Figures S16, S17, Supporting Information, CH3NH3PbI3 
has a second blueshift in its bandgap from 1.62 to 1.75  eV at 
2.5 GPa, whereas in CD3ND3PbI3 a jump from 1.62 to 2.03 eV 
is observed at a much-delayed pressure, 3.8 GPa.

Considering that both the PL emission and absorption prop-
erties both derives from the electronic structure, we looked for 
possible interlink between pressure-driven PL vanishing and 
the second bandgap blueshift. Interestingly, we discovered that 
the pressures of the second bandgap blueshifts (Pabs) match 
well those where the PL disappears (PPL) in both CH3NH3PbI3 
and CD3ND3PbI3. Our discovery is further supported by experi-
mental observations in various organic-inorganic perovskites 
including FAPbI3,[16,33] FAPbBr3,[34] (BA)2(MA)Pb2I7,[35] and 
(C8H17NH3)2PbI4,[36] as summarized in Figure 2d and Figure S18, 
Supporting Information. Therefore, there is a common connec-
tion in hybrid perovskites between the widening of the bandgap 
and the vanishing PL, likely having the same physical origin. 
This motivates us to re-scrutinize the high-pressure structural 
evolutions beyond the known crystalline phase transitions.

2.3. Structural Evolution and Suppressed Lattice Disorder

In order to accurately track pressure-mediated structural 
changes, we collected ambient-pressure and high-pressure 
time-of-flight (TOF) neutron diffractions on CD3ND3PbI3 sam-
ples (Figure 3a–c; Figures S19–S27, Supporting Information). 
At ambient-pressure, the crystal structure can be resolved using 
the ambient phase (phase I) of CD3ND3PbI3 with space group 
I4/mcm,[29,37] as supported by the refinement with small errors 
of Rp (4.43%) and Rwp (3.89%) (Figure 3a and Figure S19, Sup-
porting Information). Note that due to the large incoherent 
scattering nature of hydrogen,[38] we cannot distinguish the 
signal of the hydrogen-contained sample from the strong back-
ground (Figure S20, Supporting Information). Considering 
the clear neutron pattern shown in Figure  3a, we are again 
convinced that hydrogen atoms are absent in the sample and 
have been replaced by deuterium. Previous high-pressure 
single-crystal and powder XRD measurements have shown that 
CH3NH3PbI3 undergoes two phase transitions during compres-
sion, from phase I to II and phase II to III at around 0.4 and 
2.7  GPa, respectively.[18,23,39] Our high-pressure neutron data 
shows the same phase transition for CD3ND3PbI3, from which 
its phases II and III can be well resolved using the Imm2 and 
Immm space groups (Figure  3b,c, and Figures S21–S27, Sup-
porting Information), respectively. The same phase transition 
of CD3ND3PbI3 is further evidenced by our high-pressure syn-
chrotron XRD data (Figures S28–S31, Supporting Information). 
These observations demonstrate that there is no isotope effect 

Figure 1. High-pressure isotopic effects on the emission properties of MAPbI3 single crystals. a) Mass spectra of perovskite precursor CH3NH3I 
(yellow) and isotopic CD3ND3I (brown), with distinctive m/z values of the respective charged molecular fragments validating their isotopic natures. 
b) Photograph of the as-grown CD3ND3PbI3 single crystal with a side-length of ≈5 mm. c) A picture of DAC from which the perovskite lattice under 
compression is illustrated schematically. Color plots of the pressure-dependent PL evolutions of d) CD3ND3PbI3 and e) CH3NH3PbI3 single crystals. 
f) Comparison of the PL peak intensities for CH3NH3PbI3 (blue) and CD3ND3PbI3 (brown) single crystals under pressure, with the inset photographs 
as the PL emission images of CD3ND3PbI3 sample at 1 atm (left) and 2.5 GPa (right). We witnessed approximately threefold PL enhancement in com-
pressed CD3ND3PbI3 at 2.5≈3 GPa, whereas no PL intensity was observed in CH3NH3PbI3.
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on the pressure-driven phase transitions of MAPbI3 at mild 
pressures less than 2.7 GPa (Figure 3d).

Using lattice parameters derived from XRD and neutron 
patterns, we investigated the isotopic effect on the mate-
rial compressibility of MAPbI3. Figure  3e shows there is no 
detectable difference in the changes of lattice volume between 
CH3NH3PbI3 and CD3ND3PbI3 below 2.5  GPa, which can 
be easily understood by their identical phase transition pro-
cesses. Nonetheless, CD3ND3PbI3 exhibits a remarkably lower 
compressibility than CH3NH3PbI3 at higher pressures, as evi-
denced by the reduction rate of lattice volume beyond ≈2.7 GPa 
(Figure 3e and Figure S32, Supporting Information). The anom-
alous difference in unit cell volume is not due to nonhydrostatic 
conditions or technique errors, as the lattice parameters of 
CD3ND3PbI3 derived from neutron diffractions are consistent 
with our synchrotron XRD data. Note that lattice distortion and 
atomic displacement usually occur prior to amorphization in 
compressed organic–inorganic hybrid perovskites (3.6–4.7 GPa 
for CH3NH3PbI3), leading to off-aligned PbI bonds, distorted 
PbI polyhedron, and an order–disorder transition.[16,17,23] It 
has been demonstrated that such a pressure-induced order–
disorder transition could create volume collapse via a phonon 
instability mechanism,[40] which has been observed in the 
positional disordered phases of open framework clathrate  

structures.[40,41] As such, from the distinct P-V relationship at 
high pressure range (Figure  3e and Figure S32, Supporting 
Information) we reasonably infer that CH3NH3PbI3 favors the 
order–disorder transition more than CD3ND3PbI3, accounting 
for the lattice collapse, as shown in Figure 3e.

The proposed suppression of the order–disorder transition in 
CD3ND3PbI3 was further supported by two independent experi-
ments. First, we conducted in situ XRD measurements at high 
pressures. As shown in Figure 3f, a clear diffraction ring can be 
observed in the XRD pattern of CD3ND3PbI3 at 33.1 GPa, sug-
gesting that there is still some long-range order in this highly 
compressed sample, whereas non-deuterated CH3NH3PbI3 
already becomes fully amorphous at 27.8 GPa as evidenced by 
the absence of any diffraction ring (Figure S33, Supporting 
Information). In addition, the suppressed lattice disorder is 
further confirmed by in situ high-pressure IR spectra investiga-
tions. As shown in Figures S34 and S35,Supporting Informa-
tion, for both CD3ND3PbI3 and CH3NH3PbI3, the vibrational 
peaks of the MA+ bending mode broaden as pressure increases, 
due to the decrease of structural long-range order and crystal-
linity.[35,42] However, the broadening under pressure of the 
infrared mode of CD3ND3PbI3 is much less pronounced than 
for CH3NH3PbI3 (Figure  3g), clearly indicating a less disor-
dered atomic arrangement in the deuterated perovskite lattice.

Figure 2. High-pressure optical absorption measurements of MAPbI3 crystals. a) Color plots of pressure-dependent optical absorbance spectra of 
CD3ND3PbI3. b) Color plots of pressure-dependent (αdhν)2 versus photon energy of CD3ND3PbI3. c) Comparison of bandgap evolution between 
CD3ND3PbI3 and CD3ND3PbI3 crystals at low pressure range (0–5.2 GPa). d) Summary of the second bandgap blueshift pressure points (Pabs), and the 
pressure inflections where the PL disappears (PPL) on various hybrid lead halide perovskites, from which we can conclude that for every compound 
Pabs and PPL match well. The magnitudes of Pabs and PPL are determined from in situ optical absorption measurements and PL tests, respectively. Data 
of FAPbI3, FAPbI3 nanocrystal, FAPbBr3, (BA)2(MA)Pb2I7, and (C8H17NH3)2PbI4 are taken from refs. [19], [30], [31], [32], and [33], respectively. The red 
dash line denotes the equation of Pabs = PPL.
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2.4. First-Principles Molecular Dynamics

The distortion of the PbI6 octahedron and order-disorder 
transitions in MAPbI3 are then investigated by FPMD cal-
culations, which provide us an atomistic mechanism for 
the isotopic effects (Figure 4a–d and Figures S36–S39). We 
treated the shortest distance δ from the I atom to the straight 
line connecting two bonded Pb atoms as the order parameter 
(Figure  4a), which is designed to describe the fluctuations 
and anharmonicity in perovskites lattices.[43] We first per-
formed full geometric relaxation of the supercell to optimize 
the structure at different pressures (Figure S36, Supporting 
Information). The supercell then ran FPMD at 300 K under an 
NVT ensemble (constant number of atoms, volume, and tem-
perature) for 10 ps (details in Methods). We obtained a much 
more ordered PbI6 octahedra of CD3ND3PbI3 as compared to 
CH3NH3PbI3 at 5.1  GPa, as illustrated by the snapshots dis-
playing the deformations of the inorganic lattices (Figure  4b, 
Figure S37, and Movies S1–S4). This observation was also 

quantitatively verified by analyzing the probability distribu-
tion P(δ) in Figure  4b,c. The term of P(δ)·dδ can be used to 
determine the probability of finding the I atoms within the 
range of δ and δ+dδ. For CH3NH3PbI3, P(δ) does not follow 
the Gaussian distribution at 5.1 GPa, where a large population 
of δ was observed at the range of ≈1.5–2.0 Å. Such a deviation 
becomes severe at higher pressure 6.5 GPa with an additional 
P(δ) shoulder at ≈2.0–3.0 Å, indicating a highly off-aligned 
PbIPb bonds and consequently the distorted crystal lattice 
(Figure  4c). On the other hand, P(δ) of CD3ND3PbI3 well fol-
lowed Gaussian distribution from 1.3 to 5.1 GPa, and fitting is 
still acceptable at 6.5 GPa (Figure 4d). Even at the highest pres-
sure in this study, the system demonstrates pseudo-harmonic 
vibrational behaviors with a crystal-order fashion, which is con-
sistent with the experimental results (Figure  3f,g). The much 
less disordered lattice of CD3ND3PbI3 at high-pressure states 
can be rationalized by the less dynamical molecular motions 
(e.g., vibrational, rotational modes) of [CD3ND3

+],[28,44–46] which 
is about 20% heavier than [CH3NH3

+]. As such, a retarded 

Figure 3. Pressure-driven structural evolution of CD3ND3PbI3 and CH3NH3PbI3. TOF neutron diffraction patterns and refinements of CD3ND3PbI3 at 
a) ambient pressure, b) 1.30 GPa, and c) at 2.57 GPa, in which Pb is used as pressure calibrant and tungsten carbide as anvils. d) Comparison of the 
pressure-driven structure transitions between CD3ND3PbI3 (red) and CH3NH3PbI3 (blue). Three phases are denoted as I, II, and III. e) Unit cell volume 
shrinkages under pressure for CH3NH3PbI3 (blue) and CD3ND3PbI3 (red), where straight lines serve as guide to eye for showing the trends of variations 
beyond ≈2.7 GPa. f) Diffraction image of CD3ND3PbI3 at 33.1 GPa, where the diffraction rings from the sample are clearly seen, thereby signifying its 
residual order state. The spot highlighted by the blue square is from the diamond anvil. In panels (e) and (f), the symbol size covers the magnitude 
of error bars, and the lines are the guide for the eye. g) Broadening of the infrared NH3

+ bending mode (ν3) for CH3NH3PbI3 (blue) and CD3ND3PbI3 
sample 1 (red) and sample 2 (green) under pressure. The notably smaller slopes of peak broadening of CD3ND3PbI3 substantially validate its much 
greater lattice stability than CH3NH3PbI3.
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reorientation of A-site cation under strain/pressure conditions 
can be expected, and then acts as a stabilizer for the inorganic 
frameworks through steric and Coulombic interactions.[47,48]

The order–disorder transitions well explain the difference in 
pressure-driven bandgap evolutions and PL properties between 
CH3NH3PbI3 and CD3ND3PbI3. The considerable populations 
with much larger δ (e.g., >1.5  Å) in CH3NH3PbI3 occur prior 

in pressure to that in CD3ND3PbI3 (Figure  4c). As illustrated 
in Figure  4a, such a dramatic increase in δ is associated with 
the partially dissociation of PbI bonds and the reduced orbital 
coupling between Pb 6s and I 5p orbitals, which lead to a wid-
ened bandgap appearing as the second blueshift (Figure  2c). 
Nevertheless, for CD3ND3PbI3 the center of δ Gaussian peak 
gradually increases from 0.85 to 1.17 Å from 1.3 GPa to 6.5 GPa 

Figure 4. Suppressed order–disorder transition in CD3ND3PbI3 under pressure. a) Schematic illustration of PbIPb bonding unit with δ being the 
FPMD simulation index. b) Snapshots of CH3NH3PbI3 (left) and CD3ND3PbI3 (right) at 5.1 GPa, the green units are the distorted PbI octahedra that 
are observed in CH3NH3PbI3. Probability distributions of δ in c) CH3NH3PbI3 and d) CD3ND3PbI3 at different pressures. e) Transmittance spectra of 
CD3ND3PbI3 at near-/mid- IR spectral range at selected pressure. f) far-IR spectra of CD3ND3PbI3 at 72.0 GPa. g) Pressure-dependent bandgap evolu-
tion of CD3ND3PbI3, with metallization occurring at 72 GPa. Blue-colored region refers to the pressures where metallization of CH3NH3PbI3 take places. 
h) Comparison of PL spectra of CD3ND3PbI3 before compression (blue) and after decompression back to 1 atm from 12.8 GPa (red).
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(Figure S38, Supporting Information), confirming that order–
disorder transition, with the consequent second bandgap 
blueshift, is not favored at low pressure as in CH3NH3PbI3. 
We also note that based on our FPMD results, there is no 
major difference in the radial distrubution functions between 
CH3NH3PbI3 and CD3ND3PbI3 (Figure S39, Supporting Infor-
mation), which indicated that the PbI bond lengths are not 
altered by isotopic effect. In short, the PbIPb bond angle dis-
tribution takes the dominant role in determining the bandgap 
variations.

The order–disorder transition is also responsible for the 
suppressed PL in compressed MAPbI3 at relatively high pres-
sures (2.2 GPa for CH3NH3PbI3; 3.6 GPa for CD3ND3PbI3). It 
is known that the binding energy of excitons linearly increases 
with pressure due to the contraction of volume, and such an 
increased binding energy leads to the PL enhancement.[49,50] In 
this context, it is not surprising that the PL emission can be 
enhanced in MAPbI3 below 0.4 GPa, as also observed in various 
halide perovskites.[35,49,50] Yet, as the applied pressure is further 
increased and the order–disorder transitions occurs, defect-
induced deep trap states set in, and the shallower states that 
already presents close to the band edges sink deeper due to the 
widening bandgap. Consequently, a larger portion of recombi-
nation becomes non-radiative, and the PL annihilates.[51] There-
fore, in CD3ND3PbI3 the persistent PL enhancement under 
pressure is due to the postponed order–disorder transition.

2.5. Metallization, Improved Mechanical Endurance and 
Optical Performance

The order/disorder state of hybrid perovskites at low pres-
sure affects their behavior at higher pressure. One can see 
the CD3ND3PbI3 has much more ordered crystal lattice at low 
pressure range in comparison with CH3NH3PbI3. Since the 
order–disorder transition is an initial and requisite step for 
amorphization, it could be understood that CD3ND3PbI3 needs 
higher pressure to become amorphous than CH3NH3PbI3. 
Considering the metallization of MAPbI3 only occurs in high-
pressure amorphous conditions with a highly dense state and 
strong PbI orbitals overlapping, the delayed metallization in 
CD3ND3PbI3 can thus be expected. As shown in Figure  4e–h 
and Figures S40–S44, Supporting Information, the bandgap 
evolution of CD3ND3PbI3 in a high-pressure range was 
explored by in situ high-pressure IR absorbtion spectrscopy. A 
continuous redshift for the bandgap was observed from 8.9 to 
66.3 GPa, with a semi-conducting nature maintained (Figure 4e 
and Fiigures S40–S44). At 72.0  GPa, no transmission signal 
was detectable both in the mid- and far-IR ranges (Figure 4f), 
demonstrating that the bandgap of these samples is less than 
the ≈10–3 eV (below the low limit of the covered spectra range, 
20 cm–1). This clearly indicates a semiconductor to metal tran-
sition occurring at 72  GPa in CD3ND3PbI3, a higher pressure 
compared to the magnitude of ≈50–60  GPa for CH3NH3PbI3 
(Figure 4g).[21]

We also studied the PL emission of the recovered sample 
after that pressure is completely released, since the recovered 
sample after the pressure treatment could have interesting 
properties for practical applications. High-pressure is not only 

a dimension allowing us to have a comprehensive structure-
property relationship for hybrid perovskites, but also a tool 
enabling us to study the materials’ mechanical stability after 
compression–decompression cycles. Our experiment con-
firmed that the absence of PL intensity after being decom-
pressed from 6  GPa (Figure S45, Supporting Information), in 
agreement with previous reports on CH3NH3PbI3 where the 
PL was completely quenched upon releasing of pressure from 
6.4 GPa.[23] Intriguingly, even as the pressure was released 
to 1 atm from the doubled applied peak-pressure, 12.8  GPa, 
CD3ND3PbI3 still retained ≈80% of the original PL emission 
intensity (Figure 4h). Such a recoverable property corroborates 
the fact that CD3ND3PbI3 lattice was slightly disordered under 
pressure, and thus prevents the formation of non-radiative 
defects. This observation also demonstrated a much-improved 
mechanical endurance and structural robustness can be real-
ized by appropriate heavy-isotope doping. It should be noted 
that the structures of hybrid perovskites have dynamic charac-
teristics during decompression, as evidenced by the fact that 
crystalline phase retention of CH3NH3PbI3 is dependent on 
the peak pressure under compression.[10,23] In this context, fur-
ther investigations on the dynamic properties of CD3ND3PbI3 
should be paid attention to.

2.6. Solar Cell Device

Our high-pressure experiments showed that the PL inten-
sity and mechanical stability of methylammonium lead 
iodide perovskite (MAPbI3) will be drastically improved when 
hydrogen is replaced with deuterium in organic cation. We also 
noted that CD3ND3PbI3 has shorter carrier lifetime (Figure S46, 
Supporting Information), larger charge mobility,[52] and similar 
photo conductivity[28] as compared to CH3NH3PbI3. Then, from 
a practical viewpoint one may concern the isotope effects on 
the photovoltaic performance including power conversion effi-
ciency (PCE) and device operation stability.

The J–V curves of solar cells that are based on either 
CH3NH3PbI3 or CD3ND3PbI3 but use the same types of 
photo anodes, hole transport material layers, and Au counter 
electrodes were prepared in our laboratory and compared in 
Figure 5. Note that the solar cells based on CH3NH3PbI3 or 
CD3ND3PbI3 as the active layers show comparable photovoltaic 
performance. As shown in Tables S1 and S2, Supporting 
Information, and Figure  5a,b, as-fabricated CH3NH3PbI3- and 
CD3ND3PbI3-based devices possess comparable PCE of 15.6% 
and 14.2%, respectively. Nonetheless, after aging in dry air 
with a relative humidity of 30% for different periods of time, 
CD3ND3PbI3-based device exhibits considerably slower degra-
dation of photovoltaic performance than CH3NH3PbI3 coun-
terpart, where after 55 h of aging in the dry air, CD3ND3PbI3 
cell retains 68% of original PCE while CH3NH3PbI3 cell only 
has 47% retention (Figure 5c,d). The improved device stability 
observed in deuterated perovskite-based cell is consistent with 
the previous report on the improved performance of perovskite 
solar cell by heavy water additive.[52] Detailed investigation of 
deuterated perovskites in photovoltaic device performance 
together with the related mechanism will be conducted in 
future works.
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3. Conclusion

Order–disorder transition, which is thermodynamic in nature, 
is a critical in condensed matter physics and materials sci-
ence.[53] Recent work has concluded that pressure-driven dis-
order and thereby amorphization is a general phenomenon 
for organic–inorganic perovskites, leading to a destruction of 
their perovskite lattice and thereby inferior properties such 
as suppressed emission.[19,54] In our work, based on multiple 
experimental and theoretical methods, we show that the crystal 
lattice of CD3ND3PbI3 is significantly less disordered under 
hydrostatic compression in comparison with its hydrogen-
ated counterpart CH3NH3PbI3. The replacement of hydrogen 
by heavier deuterium makes the organic cations much less 
mobile, consequently resulting in inorganic PbI frameworks 
with improved stability, as similarly observed in Cs-containing 
perovskites.[55] Our in situ high-pressure diffraction data dem-
onstrate that CD3ND3PbI3 exhibits long-range order even at 
a high pressure of about 33.1  GPa, whereas CH3NH3PbI3 is 
already fully amorphous.

Pressure is an alternative thermodynamic dimension that 
can tune the functional materials at atomic level, and then 
we can obtain the reliable structure-property relationships by 

combining the neutron-/synchrotron-based tools, high pressure 
technique, and other necessary characterizations. Furthermore, 
the structural origin of pressure-tailored physical properties, the 
pressure-driven novel functionality such as metallization, and 
the ambient performance after removing applied pressure 
can be employed for future materials-by-design. However, the 
isotope effect has been an ignored factor in the past in high-
pressure hybrid perovskites research. In this context, our work 
will provide new knowledge for energy materials science, and 
we are aiming to establish a neutron-/synchrotron-based route 
for high pressure materials science research. Our comprehen-
sive high-pressure experiments showed that the PL intensity 
and mechanical stability of MAPbI3 will be drastically improved 
when hydrogen is replaced with deuterium in organic cation. 
MAPbI3 will endure 2 times more external pressure when 
hydrogen is substituted by heavier deuterium. Such improved 
lattice stability boosts its PL intensity by threefold previously 
unachievable without isotope doping. We also evidenced iso-
topic effect can engineer electronic structure through lattice 
stability, which has refreshed our understanding on electronic 
designs.

More strikingly, from our device study results we observed 
an improved device stability in deuterated perovskite-based cell, 

Figure 5. Solar cell performance comparison. a,b): Time-dependent J–V curves of perovskite solar cells with CH3NH3PbI3 or CD3ND3PbI3 as the active 
materials but use the same types of photoanodes, hole transport material layers, and Au counter electrodes. c,d): Aging behavior of PCE and normal-
ized PCE for CH3NH3PbI3- or CD3ND3PbI3-based cells.
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indicating that a proper isotope-doping for strain-control should 
be taken into account for better mechanical/optical/device 
response with greater stability in future materials design, espe-
cially for the development of pressure-sensitive applications, 
including piezo-electrics and piezo-chromics with durable 
electro-strictive and photo-strictive properties.[10,56,57] Consid-
ering the stability under heat stress or continuous illumination 
play an importance role for the operation of photovoltaic appli-
cations, the study on isotope-functionalized perovskite under 
such working condition should be paid more attention in the 
future. We expect that the isotope-induced lattice disorder sup-
pression for better materials properties and device performance 
could be extended to other hybrid perovskite settings beyond 
MAPbI3, as various organic cations such as formamidinium 
(HC(NH2)2

+) and guanidinium ((NH2)3C+) also exhibit versa-
tile spatial dynamics[58,59] that render the deuteration method 
effective.

4. Experimental Section
Materials: Lead(II) iodide (PbI2, 99.9985% metals basis) was 

purchased from Alfa Aesar. Ethyl ether was purchased from Fisher 
Chemical. CH3NH2 solution (40  wt% in H2O), CD3NH2 gas, hydriodic 
acid (HI, 57  wt% in H2O), deuterium oxide (D2O, 99.9 atom% D), 
and γ-butyrolactone (GBL, ≥99%) were purchased from Aldrich. All 
chemicals were used as received without further purification. CH3NH3I 
was synthesized according to the method reported in previous 
literature.[60] Specifically, HI was added dropwise to CH3NH2 in a 100-mL 
round bottom flask with ice-bath temperature under continuous stirring, 
and followed by rotary evaporation at 60 °C to dry off the solvent as the 
as-obtained solid was washed with excessive ethyl ether under vacuum 
filtration, then dried in a vacuum oven overnight to yield the final 
product. Isotopic CD3ND3I was synthesized according to our previous 
work.[28] In detail, CD3NH2 was first reacted with HI to give CD3NH3I, 
which was subsequently dissolved in D2O at a 1:40 molar ratio then 
rotary evaporated at 60  °C to retrieve the deuterated powder, and the 
process was repeated four times to ensure the complete deuteration 
of CD3ND3I compound. The high purities of CH3NH3I and its isotopic 
counterparts CH3ND3I and CD3ND3I were verified by NMR spectra in 
Figure S1, Supporting Information.

The preparation of CH3NH3PbI3 and CD3ND3PbI3 single crystals 
followed the method in previous reports.[28,29] Specifically, a 1:1 molar 
ratio of CH3NH3I and PbI2 were first dissolved in GBL to make a 
1  m solution. This solution was then heated at 110  °C to precipitate 
≈1 mm-sized single crystals that were used as seeds in a fresh solution 
for further growth into larger crystals. For the synthesis of CD3ND3PbI3 
single crystals, isotopic CD3ND3I salt was used instead with PbI2 to 
make 1 m GBL solution. To avoid exchange of ammonium deuterium 
with hydrogen of moisture in air, 3–5 drops of D2O were added into 
the precursor solution before crystallization at 110 °C in an argon-filled 
glovebox.

The crystal preparation method for CD3ND3PbI3 and CH3NH3PbI3 
was kept as similar as possible. First, the amount of D2O was very tiny 
(3–5  drops) and the purpose was to avoid exchange of ammonium 
deuterium with hydrogen, which is very necessary to grow isotopically 
pure single crystals. Second, the single crystal quality of both CD3ND3PbI3 
and CH3NH3PbI3 was comprehensively studied in our previous work,[28] 
and was found to be very similar and very high. Since these single 
crystals had minimal structural defects, the inclusion of excessive D2O 
in precursor solution of perovskite CD3ND3PbI3 was expected to have 
very little effect on the physical quality of precipitated crystals other 
than isotopic purity. Although the preparation of polycrystalline samples 
was easier than single crystals, single crystal samples were still used in 
current investigation, which was critical to explore the intrinsic materials 

properties and related physics. Also, according to previous report[61] it 
was noted that even for the polycrystalline thin films, inclusion of various 
water contents in perovskite precursor solutions do not greatly affect the 
physical properties of resultant perovskite films and device performance.

For solar cell device, the levelized cost of electricity had many 
contributors includes raw materials, device configuration, relevant 
fabrication processes, labor, equipment maintenance, depreciation of 
the equipment and building in the step of the process, and the operation 
lifetime.[62] In this context, although the raw materials cost of CD3ND3I 
was higher than that of CH3NH3I, the well-controlled overall cost for 
deuterated device could be expected, especially by considering the fact 
that CD3ND3PbI3-based device had better stability.

In situ High-Pressure Neutron Diffraction: In situ high-pressure neutron 
diffraction experiments were conducted at the PLANET beamline of 
the Materials and Life Science Experimental Facility, the Japan Proton 
Accelerator Research Complex (J-PARC), Tokai, Ibaraki, Japan.[63] A Paris–
Edinburgh press with tungsten carbide single toroidal anvils was used 
for pressure experiments. Perovskite single-crystal samples were grinded 
to micro-sized powders and then loaded into a TiZr encapsulating gasket 
with fluorinert as a pressure-transmitting medium (FC70-FC77 mixture). 
All runs applied a Paris–Edinburgh load frame with the position of the 
sample maintained to within ±0.1 mm relative to the laboratory frame. 
Lead was loaded together with the sample and the pressure value was 
calculated using the equation of state of lead.[64] The GSAS program 
was employed to refine the experimental neutron diffraction patterns 
for structural information including the crystalline symmetry and lattice 
parameters.

In situ High-Pressure Synchrotron XRD: The ambient and high-pressure 
crystal structures of perovskite samples were also determined by 
synchrotron XRD experiments, which were performed at beamline 15U 
of the Shanghai Synchrotron Radiation Facility (SSRF), China. In detail, 
a monochromatic X-ray with a wave number of 0.6199 Å was utilized 
by focusing the beam as a 5  µm (H) × 5  µm (V) spot size, with the 
diffracted X-ray beam collected by a MAR345 CCD detector. Perovskite 
samples were loaded into a symmetric-type DAC with a pair of 200 µm 
culets and placed in a rhenium gasket hole with a diameter of 70 µm. 
Then, two ruby balls with diameters of ≈5 µm were loaded to serve as 
the luminescence materials for monitoring the pressure.[65] The use of 
ruby balls is also applicable in other high-pressure measurements. Neon 
was employed as the pressure-transmitting medium and the GSAS 
program was employed to refine the experimental XRD patterns.

In situ Optical Absorbance Spectroscopy: In situ high-pressure optical 
absorption spectroscopy was performed on a microscopy system. The 
visible absorption measurements were performed between 10 000 
and 25 000 cm−1 utilizing a customized visible microscope system. 
A symmetric-type DAC and a pair of IIa-type diamond anvils with the 
culets size of 300 µm were employed. Mineral oil was used as pressure-
transmitting medium.

In situ High-Pressure Mid-/Near- IR Spectra Measurements: In situ 
high-pressure mid-infrared and near-infrared spectra measurements 
were conducted at the SMIS beamline of the SOLEIL synchrotron, 
France. The custom-made horizontal infrared microscope was equipped 
with two infinity-corrected long-working distance Schwarzschild 
objectives, where the working distance, the numerical aperture, and 
the magnification are 47 mm, 0.5, and 15×, respectively. A 25 µm (H) × 
25  µm (V) infrared spot was produced at a wavelength of 10  µm. The 
spatial and temporal stability of the broadband infrared beam enabled 
us to record the transmission/absorbance spectra, with a good signal-
to-noise ratio over the range of 650–15000 cm−1. This spectral range has 
been covered using three combination of two detectors and two beam 
splitters: mercury cadmium telluride (MCT) + KBr, MCT+quartz, and 
Si photodiode + quartz, for the ranges 650–8000 cm–1, 3000–11000 cm–1, 
and 9000–15000  cm–1, respectively. Modified symmetric type DAC with 
a pair of IIa-type diamond anvils with the culets size of 200  µm were 
employed for high-pressure tests up to ≈72.0 GPa. An embedded ruby 
ball in the 70 µm sample hole served as the pressure calibrant. Mineral 
oil was used as a pressure-transmitting medium and its IR background 
was appropriately collected.[66]
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In situ high-pressure mid-infrared spectra measurements were 
also performed at the BL01B beamline of the SSRF, covering the wave 
number range of 650–4000 cm–1. The synchrotron IR beam size was 
focused to 20 µm (H) × 20 µm (V) spots. A short symmetric type DAC 
with a thickness of 25  mm and IIa-type diamond anvils with culets 
size of 300 µm were employed. The spectra were recorded by a Nicolet 
spectrometer with a liquid nitrogen-cooled MCT detector. A Re gasket 
with an initial thickness of 250  µm was used in the DAC to a final 
thickness of 65  µm, and a 150  µm hole was drilled into the center of 
the indentation to serve as a sample chamber. A 50  µm-sized sample 
was used for the synchrotron measurements. Spectral data collection 
employed a resolution of 2 cm–1 and 256 scans. For each test at a 
given pressure, the measurements of the background and sample were 
carried out in the absorption mode. Neon was employed as pressure-
transmitting medium.

In situ High-Pressure Far-IR Spectra Measurements: After 
mid-/near- IR experiments at Soleil, the CD3ND3PbI3 sample with a 
pressure of ≈72.0  GPa was then moved to the 02B1-1 beamline of the 
Canadian Light Source (CLS) for further synchrotron-based far-IR 
transmission measurement with a wave number range of 20–700 cm–1. 
The spectra were recorded by a Bruker IFS125HR experimental station 
and a horizontal microscope was used for high-pressure study.

In situ High-Pressure PL Spectroscopy: For in situ high-pressure PL 
measurements, the sample was excited using a 450 nm laser diode. A 
microscope objective was used to focus the excitation onto the sample. 
The same microscope objective was used to direct the emitted photons 
into a CCD and avalanche photodiode with time-correlated single-
photon counting electronics. The sample was loaded into a Mao-type 
symmetric DAC with a pair of 300 µm culets and placed in a rhenium 
(Re) gasket hole with a diameter around the order of 100 µm. Mineral 
oil was used as a pressure-transmitting medium, which provided good 
chemical inertness and hydrostatic condition.

FPMD Simulations: FPMD simulations were performed in the 
framework of the density functional theory through the Vienna Ab 
initio Simulation Package.[67] The generalized gradient approximation 
under Perdew–Burke–Ernzerhof parametrization revised for solids was 
implemented to describe the exchange correlation functionals.[68,69] 
The projected-augmented wave potentials were used with four valence 
electrons for Pb (5d106s26p2), 7 for I (5s25p2),4 for C atoms (2s22p2), 5 for 
N atoms (2s22p3), and 1 for H (1s1). A 2×2×1 supercell was built from the 
tetragonal I4/mcm MAPbI3 that contained 192 atoms. A static geometric 
relaxation was conducted to the supercell to optimize the system to the 
target pressures of 1, 3, 5, and 7 GPa. For structural relaxation, a plane-
wave basis set with kinetic energy cutoff of 550 eV and a 5×5×3 k-point 
mesh were employed.

The relaxed structure was then used as the initial structure for 
FPMD runs. A reduced 500  eV energy cutoff and gamma point mesh 
were employed to perform FPMD. The simulations used the canonical 
ensemble with a time step of 1 fs. The geometric relaxed supercell was 
initially heated from 0 to 300 K by a Nosé–Hoover chain thermostats[70] 
for a duration of 2 ps. After reaching 300 K, the system ran for 
equilibration for another 2–5 ps. Temperature oscillations were generally 
lower than 30 K after equilibration. After the system was equilibrated, the 
system continued to run for 10 ps (104 timestep), and these results were 
taken for production.

Time-Resolved PL and I-V Curve Measurements: The carrier lifetimes 
of CD3ND3PbI3 was investigated by TRPL decay measurement with a 
time-correlated single-photon counting system and a 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. For dynamic (time-resolved) PL measurement, the decay data 
were measured at the wavelength of main static PL peaks (780 nm). As 
shown in Figure S46, Supporting Information, the time-resolved trace 
of CD3ND3PbI3 crystal was fitted by a biexponential decay function to 
quantify the PL decay dynamics, where the slow component τ1 and the 
fast component τ2 are assigned to free carrier recombination in the 
bulk and on the surface, respectively. One can see the sample has a 
superposition of slow and fast dynamics, being the order of 65.3 and 

6.4 ns, respectively. Then, the relative contribution of these two terms to 
the static PL can be obtained by integrating the respective exponential 
traces and the relative contribution of the slow component to the static 
PL amounts to a value of 88%, demonstrating a bulk-related intrinsic 
phenomenon as observed in CH3NH3PbI3.[71] It is not surprising to see 
the carrier lifetime of CD3ND3PbI3 is shorter than CH3NH3PbI3. Such 
an observation was demonstrated in our previous work, and the root 
cause can be summarized as the retarded dynamics of CD3ND3

+ in 
CD3ND3PbI3 playing a critical role in the effective formation of polaron, 
then leading to a significant isotope effect on carrier lifetime.[28]

Current as a function of the applied voltage was measured using 
a simple geometry with two electrodes on opposite sides of the 
CD3ND3PbI3 crystal sample with a thickness of 2.0 mm, and the result is 
shown in Figure S47, Supporting Information. It was observed that within 
the whole test range up to 40 V, the I-V response was ohmic (i.e., linear), 
as confirmed by the fit to an I ∝ V functional dependence, suggesting 
that the onset voltage of the trap-filled-limit (TFL) regime VTFL should 
be higher than 40 V. Considering the link between the trap density and 
the onset voltage of the TFL regime is VTFL  = qntrapd2/2εε0, where ε0 
is the vacuum permittivity and q is the charge, while ε represents the 
material’s dielectric constant and d is the thickness of the sample. Since 
VTFL > 40  V, ntrap can be derived to be higher than 3.5 × 1010 cm−3 for  
the sample studied.

Preparation of SnO2 Sol–Gel Solution: The preparation of SnO2 sol–
gel solution follows previous report.[72] In detail, SnCl2.2H2O (0.564  g, 
Alfa Aesar) was first dissolved in anhydrous isopropyl alcohol (25 mL) 
to form 0.1 m solution. The mixture solution was sealed and stirred at 
80 °C for 3 h to prevent ingression of O2 and H2O from air. Then, the 
solution was refluxed at 78 °C for 3 h, followed by undisturbed heating at 
40 °C for 3 h. Finally, the solution was aged in air for 3 days before use.

Preparation of Spiro-OMeTAD Solution: The spiro-OMeTAD solution 
was prepared according to the recipe reported previously.[72] In specific, 
72.3 mg spiro-OMeTAD (99.7%, Lumtec Co.), 28.8 uL 4-tert-butylpyridine 
(96%, Aldrich), 17.5  uL bis(trifluoromethane)sulfonimide lithium salt 
(99.95%, Aldrich) in acetonitrile (99.9%, Aldrich) solution (520 mg mL−1)  
were co-dissolved in 1 mL chlorobenzene (99.8%, Aldrich) to form the 
mixture solution.

Fabrication of CH3NH3PbI3 and CD3ND3PbI3 based Perovskite Solar 
Cells: FTO coated glass slides were first cleaned with soap water, 
deionized water, ethanol, acetone, and isopropyl alcohol in sequence, 
with each step lasting for 10 min, and followed by O2 plasma cleaning 
for 20 min. Subsequently, SnO2 electron transport layers were made on 
FTO glass by spin coating the abovementioned SnO2 sol–gel solution 
at 2000 rpm for 30 sec, as followed by 100 °C annealing for 1.5 h. Next, 
1 m solution consisting of equimolar of PbI2/CH3NH3I or CD3ND3I in 
γ-butyrolactone was spin coated on the substrates at 200 rpm for 15 sec 
then 3000  rpm for 30 sec. Wet films were immediately transfered into 
50-mL ethyl ether bath for crystallization of perovskite for 2 min. The 
developed perovskite films were then annealed at 100 °C for 10 min in 
N2 glovebox. Spiro-OMeTAD solution was then spin coated on top of 
perovskite at 3000 rpm for 30 sec. Finally, 60 nm of gold was thermally 
evaporated on the hole transport layer at a rate of 0.4 Å s−1 to complete 
the fabrication of device. Active area of the devices was determined by a 
shadow mask to be 0.1 cm2.
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