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Abstract: Lead halide perovskite has attracted intensive attention for pressure and strain detection.
Principally, pressure-induced changes in the structure and resistance of perovskite may bring great
potential for developing high-performance piezoresistive pressure sensors. Herein, for the first time,
we study the structural changes and the hot carrier cooling process of perovskite CsPbI3 under
pressure based on density functional theory and time-dependent density functional theory. The
calculation results show that the lattice constant of CsPbI3 linearly decreases and the time and path
of the hot carrier cooling process change apparently under pressure. Meanwhile, the pressure will
change the transition dipole moment, and the position of the k-point will not affect the optical
properties of perovskite. Subsequently, the electrical conductivity enlarges as the pressure increases
due to the change in charge density caused by pressure, which will be helpful for its potential
application in the pressure sensors.

Keywords: perovskite; pressure sensors; density functional theory; CsPbI3

1. Introduction

The inorganic halide perovskite is emerging as a semiconducting material with supe-
rior optoelectronic properties, solution-state synthesis, long carrier diffusion length and
lifetime, and high defect tolerance [1–7]. These properties have been leveraged in solar cells,
light-emitting diode, sensors, laser, piezoelectric, detector and catalyst [8–14]. Notably, the
crystallographic lattice constant, optical and electronic properties of perovskite will change
with varied pressure, which will further lead to different microscopic and macroscopic
electrical properties [15]. Vice versa, the change of optical or electrical properties of per-
ovskite under pressure can be used to obtain the magnitude of pressure, strain and stress,
making it suitable to prepare high sensitivity pressure, strain and stress sensors [16,17].
High-performance stress, strain and pressure sensors have been widely used in various
fields including health monitoring, robotic hand, earthquake warning and spacecraft [18].
Zhong et al. fabricated the in situ perovskite quantum dots film with distributed Bragg
reflectors cavity for constructing an optical pressure sensor; the pressure was measured
by using the change of the photoluminescence peak position, and the sensor showed a
high sensitivity of ≈2.2 nm/kPa [17]. In electrical strain sensors, Tang et al. integrated the
two-dimensional perovskite (C4H9NH3)PbBr4 into a wearable strain sensor to detect the
motion of running and finger bending with a high sensitivity (gauge factor ≈141) at the
ultralow strain ratio of 0.16%, which could obtain strain through resistance and current,
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and further to detect barely visible impact damage [16]. Although there are already a
few strain and pressure sensors based on perovskite, the impact of pressure on the struc-
tural and carrier transport properties has not been theoretically studied, especially under
slight pressure. Therefore, in this work, density functional theory (DFT) and real-time
time-dependent density functional theory (rt-TDDFT) are employed to study the structural
and carrier transport properties of perovskite under pressure. Here, we choose inorganic
perovskite CsPbI3 as the research object, concerning its thermal stability compared with the
organic–inorganic hybrid perovskite (CH3NH3PbX3, C(NH2)2PbX3, X = Cl, Br, I). CsPbI3
perovskite has been identified as a high-performance optoelectronic material for solar cells,
sensors and light-emitting diodes; it has a black phase (cubic structure: α-CsPbI3) and
yellow phase (orthorhombic structure: δ-CsPbI3), and the black phase has better carrier
transportation properties than the yellow phase [19,20], so the black phase was chosen
for calculation to fill the gap in the influence of pressure on perovskite carriers. CsPbI3
is composed of CsI and PbI2, which have superior photoelectric properties compared to
CsI and PbI2. Meanwhile, CsI and PbI2 are more likely to undergo phase transition as the
pressure increases, while CsPbI3 could preserve a robust cubic phase via pressure-directed
octahedral tilt. So, CsPbI3 is more suitable for pressure sensors [21–24]. Then, the change
of crystallographic lattice constant, electrical conductivity, electronic band structure and
density of states (DOS) under pressure are systematically investigated on the basis of
DFT. The rt-TDDFT for CsPbI3 was performed to obtain the excited state carrier relaxation
dynamics, occupied state and charge density under pressure. The theoretical results show
that perovskite CsPbI3 has great potential as a highly sensitive piezoresistive material and
can be used to prepare high-performance strain or pressure sensors.

2. Methodology

We choose inorganic lead halide perovskite CsPbI3 with a cubic crystal system as the
computational structure, space group Pm3m, lattice constant a = b = c = 6.38 Å, α = β = γ = 90◦.
The DFT calculations are performed to study the perovskite structure evolution under pressure,
and then, rt-TDDFT is used to study excited state carrier relaxation dynamics under pressure;
the timestep is set to 0.1 fs. All the calculations are implemented with PWmat, and the
NCPP-SG15-PBE pseudopotential is adopted [25]. The perovskite structure optimization and
carrier relaxation are performed based on the generalized gradient approximation (GGA)
in conjunction with Perdew–Burke–Ernzerhof (PBE) exchange correlation, and then, the
energy cut-off of 680 eV (50 Rdy) is used [26]. The 5 × 5 × 5 k-point is generated by the
Monkhorst–Pack scheme. The structure is relaxed until the forces on the atoms were less than
5 × 10−3 eV/Å. The electrical conductivity σ and the relaxation time was calculated by the
software Transoptic [27,28]; the Pb 1s energy level is used as the reference energy level for
the deformation potential. Then, the elastic constant matrix was employed to calculate the
Young’s modulus E and bulk modulus B. In order to evaluate the effect of pressure on the
optical properties of perovskite, we further calculate the transition dipole moment using the
software PWmat [29].

3. Results and Discussions

We firstly investigated the structural properties of CsPbI3 (Figure 1a) under pressure;
the lattice constant a = b = c = 6.38 Å when no pressure is applied. The value gradually
decreases as the pressure increases from 0 to 20 kPa; as shown in Figure 1b, the lattice constant
decreases slowly and linearly with increasing pressure. In order to measure the resistance
change of perovskite CsPbI3 due to deformation at pressure ranging from 0 to 20 kPa, the
Young’s modulus E (Figure 1c) and bulk modulus B (Figure 1d) were calculated. From the
theoretical calculation results, it is obvious that the Young’s modulus and bulk modulus
hardly change, the Young’s modulus is 28.83 GPa and the bulk modulus is 13.14 GPa. The
above results show that the lattice constants of perovskite CsPbI3 decrease slightly under the
pressure range from 0 to 20 kPa, while the deformation resistance changes negligibly.
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Figure 1. The crystal structure and mechanical properties of perovskite CsPbI3. (a) The crystalline
structure of cubic CsPbI3. (b) Lattice constants, (c) Young’s modulus E and (d) Bulk modulus B under
different pressure.

It is well known that the Young’s modulus and bulk modulus of crystal are macroscopic
properties of the material, while at the microscopic level, they are determined by the
strength and compressibility of chemical bonds, that is, by the composition of chemical
bonds [30]. The calculation results show that the lattice constants of perovskite materials
decrease slowly during the compression process, which will inevitably cause some changes
in chemical bonds, while the Young’s modulus and bulk modulus are almost unchanged.
To further obtain a clear insight into the phenomenon, the density of states (DOS) was
calculated. Figure 2 shows the DOS of perovskite CsPbI3 under pressure 0 (Figure 2a) and
10 kPa (Figure 2b); the DOS of perovskite under pressure 10 kPa is basically the same as
that under 0 kPa from the point of view of total DOS and project DOS (PDOS), the valence
band maximum (VBM) is mainly composed of Pb 6s and I 5p, and the conduction band
minimum (CBM) is mainly contributed by Pb 6p and I 5s. However, by subtracting the
total DOS and PDOS between 0 and 10 kPa, we find that there are still some differences
in the orbital contribution. As shown in Figure 2c, there is no difference in the total DOS,
while the PDOS of Cs 5s increases in the energy range from −1 to −0.5 eV under 10 kPa
compare to 0 kPa, the PDOS of Cs 6s decreases and the PDOS of Cs 5p increases at around
−0.5 eV and decreases at around −1.0 eV. Similarly, the PDOS of Pb 5d increases at around
−0.5 eV, Pb 6p decreases at around −0.5 eV, and Pb 6s increases at around 0.8 eV, I 4d and I
5s decrease at around −0.5 eV and I 5p increases at around −0.8 eV. We also calculated the
total DOS, PDOS and difference comparing values under 0 kPa to that under other pressure
from 0 to 20 kPa (Figures S1–S9); the PDOS of Cs is shown in Figure S10. The results show
that there is no difference in total DOS, but there is a slight difference in PDOS. Therefore,
we can infer that the lattice change caused by pressure is not large, so that the total DOS
does not change under different pressure. Although there is a difference in the PDOS, the
difference is not large enough, so the Young’s modulus and bulk modulus hardly change
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under pressure. The DOS will change dramatically if enough pressure is applied, and the
Young’s modulus and bulk modulus will change accordingly.
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The inorganic halide perovskite has made great progress in the field of photolumines-
cence and electroluminescence due to their excellent photoelectric properties [31–33]. In
the assessment of the optical property of inorganic halide perovskite under pressure, the
electronic band structure and transition dipole moment can play an important role [34].
Therefore, we calculated the electronic band structure and transition dipole moment of
perovskite CsPbI3 under different pressure in order to study the influence of pressure on
the optical properties. The calculation results are shown in Figure 3; the electronic band
structure of perovskite CsPbI3 under 0 (Figure 3a) and 10 kPa (Figure 3b) is almost the same,
they are all direct bandgap, the VBM and the CBM of perovskite CsPbI3 are both located
at the R point, and the value of bandgap is 1.38 eV. The direct bandgap feature of CsPbI3
has been retained under a pressure range from 0 to 20 kPa (see Figures S11 and S19). The
photoluminescence quantum yield (PLQY) is the ability of materials to convert absorbed
light energy into photoluminescence; it is defined as the ratio of the radiative recombination
rate to the sum of the radiative and non-radiative recombination rates. According to the
Fermi’s golden rule, the radiative recombination rate is proportional to the transition dipole
moment. Then, we calculated the transition dipole moment of perovskite CsPbI3 under
different pressure to evaluate the effect of pressure on the photoluminescence property. We
find that the transition dipole moment is basically the same under pressure 0 (Figure 3a)
and 10 kPa (Figure 3b) from the calculation results, while the maximum transition dipole
moment squared is 429 Debye2 and located at the R point, which is the same position
as the VBM and CBM. Then, we obtained the difference of the transition dipole moment
(Figure 3c) under pressure 0 and 10 kPa through subtracting the transition dipole moment
between them, and we find that their transition dipole moment is exactly the same at the R
point, and the slight difference is located in the k-point range M-G and G-R, the same is true
for other pressure in the range of 0 to 20 kPa (see Figures S11 and S19). The above results in-
dicated that the electronic band structure is almost unchanged under pressure ranging from
0 to 20 kPa, and the position of the highest PLQY remains the same, while the transition
dipole moment of the other k point direction may change, so that the photoluminescence
property of the perovskite CsPbI3 is almost not affected.
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Lead halide perovskite has a long carrier lifetime, and the carrier cooling process
is one of the reasons for the long lifetime; the hot carrier cooling occurs in the radiation
recombination process after the electron excitation [35]. Ma et al. showed that the localized
carriers in MAPbI3 can have random walks due to the fluctuation of electrostatic potential
caused by the MA+ random rotations [36]. Zhang et al. reported the effect of polaron
formation on the carrier transport properties in cubic phase CsPbI3 [37]. Mastrikov et al.
also found the electron and hole polarons in PbX2 (X = F, Cl, Br) and constructed a clear
picture of the corresponding electronic and atomic structures through first-principles
calculations [38]. Although much progress has been made in the carriers of perovskite
and lead halides, there is little literature on the influence of the pressure on the hot carrier
cooling process. Next, we will study the influence with the rt-TDDFT calculation; at the first
step, it will do a self-consistent field calculation with the constraint occupation numbers.
So, after the first step, the charge density and the wavefunction will be updated. It is the
appropriate way to describe the hot carrier cooling process. Herein, we study the hot
carrier cooling process under pressure with rt-TDDFT and investigate the role of hot carrier
cooling in perovskite CsPbI3. In this work, to simplify the model, we take an electron from
the VBM (state-37) and put it in the CBM + 1 (state-39, see Figure 4) to represent the excited
state carrier. Then, we study the electron relaxation from the CBM + 1 to the CBM, which
is the hot carrier cooling process. From Figure 4a, one can see that the occupation of the
state-37 (VBM, the state with a hole at first) of perovskite CsPbI3 under pressure 0 kPa
increase to 2 in 10 fs, while the state-32, state-33 and state-36 occupation reduces in 10 fs,
and then they start to fluctuate. Eventually, the hole is in state-32 at 100 fs, which is the hot
carrier (hole) cooling process in perovskite CsPbI3 under pressure of 0 kPa. We also find
that the occupation of the state-39 (CBM + 1) decreases to 0 in 30 fs, while the occupation
of the state-40 (CBM + 2) and state-41 (CBM + 3) fluctuates up to 50 fs, and then they stay
roughly constant. The fluctuation range is within 0.5, and further analysis shows that the
occupation of state-38 (CBM) increases continuously after 50 fs and increases to 0.3 at 90 fs,
which is the hot electron cooling process. The change in occupation will bring about a
change in the orbital energy; we find that the orbital energy of state-37 (VBM) continues
to decrease from Figure 4d, which shows that the state-37 (VBM) tends to be stable with
the hot hole cooling. As for the orbital energy of state-38 (CBM), it has been basically
stable, which is due to the perovskite CsPbI3 having a long carrier lifetime and the electrons
having not relaxed into the orbital. The conclusion is further supported by the results of
the evolution of perovskite CsPbI3 excited carriers (Figure S20a); the electrons above the
CBM kept going back and forth in 50 fs, without relaxing into the CBM, while the holes
in the VBM gradually relaxed into lower energy orbitals, and the VBM was rapidly filled
with electrons. After applying pressure to the perovskite CsPbI3, the hot carrier cooling
process on different orbitals is obviously different from that without pressure. As shown in
Figure 4b,c, the number of electrons in the state-37 (VBM) increases to 2 electrons at 10 fs;
however, the lost maximum number of electrons in state-32 occurs at 30 fs and 20 fs under
pressure 10 kPa and 20 kPa, respectively, which are different from that without pressure. In
addition, we observed that the state-39 (CBM + 1) loses an electron to state-40 (CBM + 2) at



Crystals 2022, 12, 648 6 of 9

10 fs in Figure 4b,c, and then, the electrons oscillate in the orbital above the state-38 (CBM).
The change trend of orbital energy is similar to that when no pressure is applied, the orbital
energy of the state-37 (VBM) decreases, and the state-38 (CBM) is basically unchanged for
not having any electrons that relaxed (see Figure 4e,f), which is consistent with the trend
of the evolution of perovskite CsPbI3 excited carriers under pressure 10 kPa (Figure S20b)
and 20 kPa (Figure S20c). Thus, we can know that the electrons and holes generated after
the photoexcitation of perovskite CsPbI3 do not immediately relax to the VBM and CBM,
but they fluctuate back and forth in the orbital near them, which may be the reason for the
long carrier lifetime of perovskite.
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Figure 4. The hot carrier cooling process in perovskite CsPbI3 under different pressure. (a), (b) and
(c) represent the change in occupation state under pressure 0 kPa, 10 kPa and 20 kPa, respectively.
(d), (e) and (f) represent the change in orbital energy under pressure 0 kPa, 10 kPa and 20 kPa, respectively.

In order to further analyze the above hot carrier cooling process, we calculated the evo-
lution charge density distribution of VBM and CBM in perovskite CsPbI3 under different
pressure (see Figure 5). From the calculation results, we can know that the charge density of
VBM increases more than the CBM under all pressure, which is consistent with the calcula-
tion of the hot carrier cooling process; the number of electrons in CBM hardly changes, but
the number of electrons in VBM increases significantly with time. The contribution of the
iodine orbital to the VBM increases under pressure 10 kPa and 20 kPa compared to 0 kPa
(see Figure 5b,f,j). At the same time, the change of electrical conductivity will be mainly
affected by the electron orbital under the premise that the Young’s modulus is basically
unchanged [21,22]; therefore, the difference of charge density under different pressure will
lead to the difference of intrinsic electrical conductivity of perovskite CsPbI3, which will
make the material have different resistance under the same macroscopic condition. Fur-
thermore, we calculated the theoretical room-temperature carrier-concentration-dependent
electrical conductivities of perovskite CsPbI3 under pressure 0, 10 and 20 kPa to obtain the
effect of pressure on electrical conductivity. As shown in Figure 6, the larger the pressure,
the larger the electrical conductivity of perovskite CsPbI3 over all carrier concentrations,
in other words, the less the resistance of the macroscopic size. The property in which the
resistance of perovskite CsPbI3 decreases as the pressure increases has great potential for
preparing the piezoresistive materials and obtaining highly precision pressure sensors.
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Figure 5. The evolution charge density distribution corresponding to the VBM and CBM of perovskite
CsPbI3 under pressure. (a), (e) and (i) represent the CBM under 0, 10 and 20 kPa at 0 fs, respectively.
(b), (f) and (j) represent the VBM under 0, 10 and 20 kPa at 0 fs, respectively. (c), (g) and (k) represent
the CBM under 0, 10 and 20 kPa at 50 fs, respectively. (d), (h) and (l) represent the VBM under
0, 10 and 20 kPa at 50 fs, respectively. The charge contours are set to a critical charge density of
0.0014 e Å-3 for CBM and 0.0043 e Å-3 for VBM.
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4. Conclusions

In summary, we have investigated the effect of pressure on the structure, electronic
properties and hot carrier cooling process of perovskite CsPbI3. We observed that the lattice
constant decreases linearly with pressure increases, and the Young’s modulus and bulk
modulus remain almost constant. Then, we studied the changes in DOS and electronic
band structure under pressure, and we found that the changes were very small in range
from 0 to 20 kPa, but there are still minor differences, which result in changes in the hot
carrier cooling process and electrical conductivity: the time of the hot hole cooling to
the VBM under pressure becomes shorter than that under no pressure, while the time of
hot electron cooling to the CBM shows no significant difference, the electron fluctuates
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between different energy levels above the CBM, and the continuous vibration of carrier
in the non-VBM and non-CBM region is beneficial to the prolongation of carrier lifetime.
The phenomenon by which the electrical conductivity increases with increasing pressure
will cause the resistance of the same macroscopic size changes, indicating that perovskite
CsPbI3 has great potential for preparing high-precision piezoresistive pressure sensors. We
believe this work may provide theoretical insights for researchers in the field and bring
more opportunities for the field of pressure detection.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12050648/s1. Figures S1–S9: The DOS of perovskite CsPbI3
under different pressure (0~20 kPa); Figure S10: The PDOS of Cs in perovskite CsPbI3 under different
pressure (0~20 kPa); Figures S11–S19: The electronic band structure and transition dipole moment
under different pressure (2~18 kPa); Figure S20: The evolution of perovskite CsPbI3 excited carriers
under pressure 0, 10 and 20 kPa.
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