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Abstract

Perovskite solar cells (PSCs) are promising photovoltaic devices, but their practical applica-
tion is limited by structural instability and ion migration. This study investigates the effects
of Gd incorporation on MA0.75FA0.25PbI3 using optical characterization and first-principles
calculations. Optical microscopy revealed changes in film morphology, while UV–vis
spectroscopy showed enhanced near-infrared absorption without a significant change
in the optical bandgap. Density functional theory indicated bandgap narrowing due to
Gd-induced lattice distortion. Furthermore, Born–Oppenheimer molecular dynamics and
Car–Parrinello molecular dynamics simulations revealed increased atomic diffusion, higher
enthalpy, and enhanced lattice fluctuations. These results demonstrate that Gd modifies
the electronic structure and lattice dynamics of perovskite materials.
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1. Introduction
Perovskite solar cells are attracting attention as next-generation solar cells due to

their flexibility and light weight [1–5]. However, challenges remain, such as long-term
degradation caused by ion migration and a decrease in the fill factor and open-circuit
voltage due to defects [6–10]. Additive engineering is particularly attractive because the
incorporation of a small amount of functional species can modify the crystallization process,
regulate defect formation, and influence the chemical environment within the perovskite
lattice without substantially changing the overall device architecture [11]. Previous research
has investigated the substitution of A- and B-sites with alkali metal and transition metal
elements as effective strategies [12–16]. In particular, lanthanide elements have the potential
to influence lattice strain, electronic states, and ion migration [6,17–20]. Since Gd has a
different ionic radius than Pb, it is highly likely to alter lattice strain, local structure, and
dynamic behavior [21–24]. Such interactions can alter the local coordination environment
of the perovskite lattice, potentially reducing under-coordinated sites and suppressing
pathways associated with ion migration and non-radiative recombination. However, while
many studies have reported changes in optical properties and device performance, the
effects on lattice dynamics, ion diffusion, and optical response have not been thoroughly
investigated [25–28].

In our previous study, we investigated the effects of Gd doping on surface morphology,
microstructure, and photovoltaic characteristics using Scanning Electric Microscopy, X-Ray

Chem. Proc. 2026, 21, 6 https://doi.org/10.3390/chemproc2026021006

https://crossmark.crossref.org/dialog?doi=10.3390/chemproc2026021006&domain=pdf&date_stamp=2026-09-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemproc
https://www.mdpi.com
https://orcid.org/0000-0002-1575-1646
https://orcid.org/0000-0003-2290-1216
https://sciforum.net/event/IOCC2026
https://doi.org/10.3390/chemproc2026021006


Chem. Proc. 2026, 21, 6 2 of 8

Diffraction (XRD), Current Density-Voltage, and External Quantum Efficiency measure-
ments. However, we did not conduct an in-depth investigation of the effects on lattice
dynamics, ion diffusion, and optical response [20,29–32]. First-principles calculations pro-
vide a complementary approach for understanding how dopant incorporation modifies the
electronic structure and local atomic environment of perovskite materials. Such theoretical
analysis can provide microscopic insight into experimentally observed changes in optical
and photovoltaic properties, which cannot always be directly determined from macroscopic
measurements [33].

In this study, we aim to analyze Gd-doped perovskites by combining optical mi-
croscopy, absorbance measurements, dielectric function calculations, and Born–Oppenheimer
molecular dynamics (BOMD) and Car–Parrinello molecular dynamics (CPMD). We elu-
cidate how Gd-induced lattice strain affects the band structure, ion mobility, and ther-
modynamic stability, thereby providing an atomistic understanding of dopant-induced
perturbations in perovskites.

2. Calculation and Experimental Methods
The surface morphology of the perovskite layer was examined using bright-field trans-

mission and reflection microscopy with an optical microscope (Nikon, Tokyo, Japan, Eclipse
E600) and a universal reflected illumination unit (Nikon, LV-UEPI, 50 W). The device struc-
ture used for the measurements was FTO/TiO2/Perovskite/Decphenyicycyclopentasilane
(Osaka Gas Chemicals, Osaka, Japan, OGSOL SI-30-15)/Spiro-OMeTAD (Sigma-Aldrich,
Tokyo, Japan). (CH3NH3)0.75[CH(NH2)2]0.25PbI3 perovskite precursor solution was pre-
pared by mixing CH3NH3I (Tokyo Chemical Industry, Tokyo, Japan, 174.9 mg), CH(NH2)2I
(Sigma-Aldrich, Tokyo, Japan, 17.2 mg), and PbCl2 (Sigma-Aldrich, Tokyo, Japan 111.24 mg)
in N,N-dimethylformamide (Sigma-Aldrich) at 60 ◦C for approximately 24 h. Lanthanide
compounds, including 1% CeCl3 (Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan), ErCl3 (Tokyo
Kasei Kogyo Co., Ltd., Tokyo, Japan), NdF3 (Sigma-Aldrich, Tokyo, Japan), YbCl3 (Tokyo
Kasei Kogyo Co., Ltd., Tokyo, Japan), and GdF3 (Tokyo Chemical Industry, Tokyo, Japan),
were added to the Pb sites, which reduced the PbCl2 concentration by 1%.

The perovskite precursor solution was spin-coated three times at 2000 rpm for 60 s
onto a mesoporous TiO2 layer at 90 ◦C employing the air-blow method. The resulting film
thickness was approximately 500 nm. A decaphenylcyclopentasilane solution, prepared
by stirring decaphenylcyclopentasilane (10 mg) in chlorobenzene (Wako Pure Chemical
Industries, Osaka, Japan, 0.5 mL), was spin-coated at 2000 rpm for 60 s. The cells were
subsequently heat-treated at 190 ◦C.

The optical properties of the perovskite layer were measured using a UV-Vis spec-
trophotometer (JASCO, Tokyo, Japan, V-700). The transmittance T across the mea-
surement wavelength range was obtained, and absorption A was calculated using the
following equation.

A = −log10T (1)

Here, T represents the transmittance. We plotted the Tauc curve based on the obtained
absorption spectrum and evaluated the optical bandgap.

First-principles calculations were performed based on Density Functional Theory
(DFT). A 2 × 2 × 2 supercell was constructed based on the lattice constants and crystal
structure obtained from XRD. In this study, to evaluate the electronic states that reflect
the experimental structure, no structural optimization was performed; instead, electronic
structure calculations were carried out using the constructed supercell.

The same supercell was used for dielectric function calculations, BOMD, and CPMD
simulations. The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional was
adopted, and the pbe-mt_fhi.UPF pseudopotential was used. The kinetic energy cutoff for
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the plane-wave basis set was set to 50 Ry for MAPbI3 and 35 Ry for MAPb0.875Gd0.125I3,
while the charge density cutoff was set to 450 Ry and 315 Ry, respectively. These values were
determined based on convergence calculations for each model. A 2 × 2 × 2 k-point grid
based on the Monkhorst–Pack method was used for Brillouin zone sampling. No smearing
was applied to the occupation numbers, and the number of bands was set to 30% higher
than the required number for each calculation. BOMD calculations were performed at 300 K
with a time step of 0.2419 fs and a calculation time of 200 steps (0.0486 ps). The diffusion
coefficients for each atom were calculated using Einstein’s equation based on the time
evolution of the mean square displacement. Since this study employed a pseudopotential
that treats the 4f electrons of Gd as itinerant electrons, the DFT+U method was not applied.
Furthermore, no spin-polarized calculations were performed, and the electronic structure
was evaluated in the non-magnetic state.

3. Results and Discussion
Figure 1 shows optical microscopy images of the perovskite films under bright-field

transmission and reflection modes. The Gd-containing film exhibited a darker optical
contrast than the standard film, indicating a noticeable change in the appearance of the
perovskite layer after Gd incorporation. In contrast, the Yb-added sample shows yellowish
regions, which may be associated with residual PbI2. The presence of PbI2 in the corre-
sponding perovskite films was confirmed by XRD in our previous study [29]. However,
this assignment is tentative because it is based on optical microscopy alone. Furthermore,
localized dark spots were observed in the Er- and Yb-containing films, which may be
associated with spatial variations in grain formation and film morphology. Although
these observations suggest dopant-dependent microstructural variation, a definitive phase
assignment is beyond the scope of this work and is discussed in Ref. [29].

Figure 1. Optical microscope images of perovskite solar cells. (a) Standard, (b) +Ce, (c) +Er, (d) +Yb,
(e) +Nd, and (f) +Gd perovskite.

To investigate the effect of Gd incorporation on optical properties, UV–vis absorption
spectra, transmittance spectra, and Tauc plots were analyzed (Figure 2a,b). No significant
change in the optical bandgap was observed between the standard and Gd doped sam-
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ples, indicating that the fundamental absorption edge is largely preserved upon doping.
However, an enhanced absorption in the near-infrared region was observed for the Gd-
containing system. This trend suggests that Gd incorporation modifies the optical response,
possibly through changes in light scattering, sub-gap absorption states, or film thickness
effects reported in Ref. [29].

Figure 2. (a) UV-vis absorption spectra with Tauc-plot and (b) transmittance of the perovskite solar
cells. Purple line: Gd doping, green line: standard.

To clarify the origin of the optical response, DFT calculations were performed for
MA0.75FA0.25PbI3 and MA0.75FA0.25Pb0.875Gd0.125I3. The calculated Tauc plots (Figure 3)
indicate bandgap values of 2.14 eV and 1.90 eV, respectively, suggesting a reduction in the
bandgap upon Gd substitution. This trend is attributed to local structural distortion induced
by Gd incorporation, which modifies the electronic states near the band edges. Rather than
a direct contribution of Gd 4f orbitals, the bandgap modulation is more likely governed by
changes in Pb–I bonding geometry and associated electronic redistribution. The difference
between the experimentally determined optical bandgap and the DFT-calculated bandgap
can be attributed to several factors. First, the Gd concentration used in the theoretical model
was higher than that used experimentally because modeling the experimentally relevant
low dopant concentration would require a substantially larger supercell and consequently
a much higher computational cost. Therefore, the calculated bandgap should not be
regarded as a direct quantitative representation of the experimental value. Second, the PBE
functional employed in the present DFT calculations has inherent limitations in describing
semiconductor bandgaps. Furthermore, the theoretical model represents an idealized
crystalline structure, whereas the experimentally prepared perovskite films contain defects,
local structural distortions, grain boundaries, and thermal fluctuations. These differences
in composition and structural environment can contribute to the discrepancy between the
calculated and experimental bandgap values. Nevertheless, the theoretical results provide
useful insight into the changes in electronic structure induced by Gd incorporation.

BOMD simulations were performed at 300 K to investigate atomic motion in the time
range of 0–0.05 ps (Figure 4). The atomic trajectories indicate thermally activated fluctua-
tions within both organic and inorganic sublattices. The calculated diffusion coefficients
(Table 1) show that H, C, I, and N species exhibit increased mobility upon Gd incorporation.
This suggests that Gd doping modifies the local lattice dynamics, potentially influencing
ionic transport pathways and defect-mediated diffusion processes. Such an enhancement
in diffusion behavior may reflect either increased ionic mobility or reduced lattice rigidity,
depending on the balance between structural stabilization and dynamic disorder.

https://doi.org/10.3390/chemproc2026021006

https://doi.org/10.3390/chemproc2026021006


Chem. Proc. 2026, 21, 6 5 of 8

Figure 3. Dielectric function (inserted figure: Tauc-plot) of (a) MA0.75FA0.25PbI3 and (b) MA0.75FA0.25

Pb0.875Gd0.125I3.

Figure 4. Changes in atomic arrangement obtained by BOMD calculations: (a) MA0.75FA0.25PbI3 and
(b) MA0.75FA0.25Pb0.875Gd0.125I3.

Table 1. Diffusion coefficients obtained by BOMD calculations.

Crystal Model Etot (eV Cell−1)
D (×10−6 cm2 s−1)

H Pb C I N

MA0.75FA0.25PbI3 −3569 6.83 0.02 0.40 0.06 2.82
MA0.75FA0.25Pb0.875Gd0.125I3 −3795 8.53 0.02 0.76 0.37 4.76

Figure 5 compares the time evolution of enthalpy obtained from CPMD simulations
for the standard and Gd-substituted systems. The Gd-containing system exhibits a higher
average enthalpy, indicating an energetically less stable but more dynamically activated
configuration. This behavior suggests that Gd incorporation induces additional lattice
perturbations, possibly increasing local strain and configurational disorder. Furthermore,
Figure 6 presents the temporal evolution of bond lengths and bond angles for Pb–I and Gd–I
coordination environments. The results indicate enhanced positional fluctuations in the
Gd-containing system, particularly along Cartesian coordinates, while angular variations
remain relatively comparable. These results collectively suggest that Gd incorporation
primarily affects translational lattice dynamics rather than angular structural stability.
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Figure 5. Changes in enthalpy over time by CPMD calculations for crystals. (a) relaxation process
and (b) enlarged view.

Figure 6. Changes in I-Pb and I-Gd distances of (a) x axis, (b) y axis and (c) z axis (d) angles of I-Pb-I
and I-Gd-I over time by CPMD calculations for crystals.

4. Conclusions
In this study, we investigated the effects of Gd incorporation on the structural, optical,

and atomic-scale properties of MA0.75FA0.25PbI3 perovskite through optical characterization
and first-principles calculations. Optical microscopy revealed that Gd incorporation influ-
enced the film morphology, while UV–vis spectroscopy showed that the optical bandgap
remained nearly unchanged despite an enhancement in near-infrared absorption. First-
principles calculations suggested that Gd substitution alters the local electronic structure
through lattice strain, resulting in a decrease in the calculated bandgap. Furthermore,
BOMD simulations showed that Gd incorporation increases the diffusion coefficients of
H, C, I, and N atoms. CPMD simulations revealed an increase in enthalpy and lattice
fluctuations. These results indicate that Gd acts not only as a dopant but also as a modifier
of lattice dynamics and electronic structure. By combining experimental and theoretical
analyses, we have gained new insights into the relationship between atomic-scale struc-
tural dynamics and the optical properties of Gd-doped perovskite materials. In future
research, we plan to clarify the correlation between these atomic properties and solar power
generation performance, and focus on optimizing rare-earth-doped perovskite solar cells.
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