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The size effect has a significantimpact on the properties of thin film materials; however, relevant research in
the field of two-dimensional (2D) perovskite films is not yet sufficient. In this study, the size effects on the
electronic and optical properties of 2D CdTiOs (CTO) and SrTiOs (STO) films were investigated by first-
principles calculations. The results demonstrate that the band gaps of both CTO and STO films decrease
as the film thickness increases, and CTO films display unique work function characteristics. Further
analysis reveals that the electronic effective mass of CTO films decreases significantly with increasing
thickness, while the electronic effective mass of STO films remains relatively stable. Moreover, the
electron transition probability of CTO films increases markedly when the thickness exceeds 3 unit-cell

layers; conversely, STO films exhibit maximum electron transition probability in the monolayer limit. The
Received 2nd November 2025 . . . . .
Accepted 7th February 2026 reasons for these phenomena can be attributed to the differences in the electronic state distribution and

orbital characteristics between the two types of films. Our findings provide fundamental insights into the

DOI: 10.1039/d5na01018g structure—property relationships and offers theoretical guidance for the rational design of 2D perovskite-
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1. Introduction

Thin films with nanometer-scale thicknesses commonly exhibit
a size effect, where their physical and chemical properties are
strongly dependent on thickness.*” This effect plays a crucial
role in determining the functionalities of thin films; for
example, thickness variations can significantly influence key
material characteristics such as crystallinity and surface
morphology, which in turn control performances.* In some
cases, the film thickness approaches or even falls below certain
intrinsic lengths, including electron and phonon mean free
paths, exciton Bohr radii, and dislocation spacings, causing the
properties of related systems to become dominated by surface,
interface, and quantum confinement effects.>®

The size effect has been widely reported across diverse
material properties.”” For example, in the mechanical domain,
nanocrystalline films can achieve ultrahigh hardness. Electrical
and superconducting characteristics of thin films are thickness
sensitive.>'®™ Studies have shown that the resistivity of
Culn, gGay »Se, films* and CoyoFey0B10Dy;0 films' decreases as
thickness increases. The optical properties also demonstrate
strong thickness dependence. For instance, the band gap of
Culng gGay ,Se, films,* polycrystalline CuO,* and ZnO films"
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typically narrows as thickness increases, while the ultraviolet
photoluminescence of ZnO films strengthens.** The size effect
extends to thermal properties as well; for example, the thermal
conductivity of materials such as graphene and polycrystalline
Pt nanofilms can be effectively modulated by their lateral
dimensions and thickness.'>"

However, the size effect is not significant in all cases. Some
properties, such as the thermal stress and thermal expansion
coefficient of Cu films*® and the transparency of ZnO films,*
appear almost thickness-insensitive. These exceptions highlight
the complexity of size-dependent behaviors and motivate
comprehensive theoretical and experimental investigations to
understand the intricate relationship between thickness and
material properties.

Among various thin-film systems, perovskite materials stand
out due to their flexible ABX;-type crystal structure, with a wide
range of choices for A- and B-site cations as well as X-site
This compositional freedom enables
tunability of electrical, optical, and thermal properties.
While three-dimensional perovskite oxides have been exten-
sively studied, the effects of thickness on the electronic and
optical properties of 2D perovskite oxide films remain under-
explored.

In this study, we investigate how thickness governs the
electronic structures and optical properties of two typical 2D
perovskite films, namely 2D CdTiO; (CTO) and SrTiO; (STO)
films, by using first-principles calculations. STO, often referred
to as a “fruit fly” in solid state physics, has enabled numerous
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foundational discoveries and was the first perovskite oxide
whose freestanding film was realized at a single unit-cell limit.**
In contrast, CTO is noteworthy due to its potential novel elec-
tronic properties stemming from unique conduction bands that
are largely formed by the Cd 5s orbital.>** This work compares
the thickness-dependent modulation of the electronic struc-
tures and optical properties in these two systems and explores
the underlying mechanisms in order to answer several impor-
tant scientific questions, such as “How do the differences in
orbital characteristics at the CBM between 2D STO and CTO
films lead to thickness-dependent behaviors?” “Is the spatial
distribution of electronic states at the VBM and CBM different
between these two films, and what impact does this difference
have on their optical properties?” and “How do their surface
electronic properties change with thickness, and what are the
reasons?” The study of these issues not only deepens our
understanding of the structure-property relationship in 2D
perovskite films, but also provides a crucial theoretical foun-
dation for the rational design and optimization of related
materials, particularly complex heterojunctions.

2. Computational methodology
2.1 Density functional theory calculation details

All first-principles calculations were performed using the
projector augmented plane-wave (PAW) method,*”*® as imple-
mented in the Vienna ab initio simulation package (VASP).2*3°
The exchange-correlation interactions were treated within the
framework of the generalized gradient approximation (GGA)
using the Perdew-Burke-Ernzerhof (PBE) functional.** A plane-
wave energy cutoff of 450 eV was employed throughout all
calculations. The electronic self-consistency and ionic relaxa-
tion loops were converged to an energy threshold of 10> eV and
a force threshold of 0.02 eV x A™*, respectively.

To minimize spurious interactions between periodic images
in the out-of-plane direction, a vacuum layer exceeding 15 A was
introduced. Additionally, dipole correction was applied to
improve convergence behavior.** The Brillouin zone sampling
was performed using a4 x 4 x 1 and 10 x 10 x 1 Monkhorst-
Pack® k-grid for structural relaxation and static calculation,
respectively. The 2D (001)-oriented CTO and STO films, with
thickness ranging from 1 to 6 unit cells (u.c.), were simulated.
For the convenience of discussion, these films are denoted as
nuc-STO and nuc-CTO, respectively, where 7 stands for the film
thickness.

2.2 Electronic properties

The carrier effective mass (m*) is a vital descriptor for evaluating
electronic transport properties in devices like photovoltaics,
transistors, and thermoelectrics. It is fundamentally under-
stood as the inverse of band curvature near the band edges. The
effective mass is defined in terms of the second derivative of the
band energy (E) with respect to the wave vector (k):**

1
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where 9°E/0%k describes the energy band curvature. A steeper
band corresponds to a higher curvature and thus smaller
effective mass, which correlates with faster carrier dynamics
and better mobility. In this study, the effective masses of elec-
trons and holes in 2D CTO and STO films with varying thick-
nesses were calculated by using VASPKkit software.*

To comprehensively analyze surface electronic behaviors, we
investigated the work function of the thin films across different
thicknesses via the planar averaged potential (PAP) method.
The work function, which is the minimum energy required for
an electron to escape the surface, provides a direct insight into
the surface electron affinity and chemical reactivity of materials.
This makes the work function a critical parameter for under-
standing charge transfer at heterointerfaces and for tuning
catalytic properties in surface reactions.

2.3 Optical properties

We also analyzed the optical properties by computing the
squared transition dipole moment (P*) between the valence
band maximum (VBM) and the conduction band minimum
(CBM) using VASPKit software. This parameter is a quantitative
measure of the optical transition probability, which directly
governs the efficiency of light absorption and emission in
optoelectronic applications.***”

3. Results and discussion

3.1 Effect of film thickness on electronic structures

The 2D CTO and STO films exhibit indirect band gap charac-
teristics, similar to their bulk counterparts, as shown in Fig. 1
and S1-S2. In both cases, the VBM is located at the M point of
the Brillouin zone, while the CBM is at the G point. In addition,
the partial density of states (PDOS) plots in Fig. 2 and S3 indi-
cate that the electronic states at the VBM in both 2D CTO and
STO films originate primarily from the O-2p orbitals. However,
the orbital character at the CBM differs between the two
systems: electronic states are primarily contributed by Cd-5s
orbitals in 2D CTO films, whereas those of 2D STO films are
contributed by Ti-3d orbitals.

The influence of film thickness on band gaps can be seen
from Fig. 1 and S1-S2, where the band gap of both 2D CTO and
STO films gradually decreases as the film thickness increases.
Specifically, the band gap of the 2D CTO films decreases from
1.155 eV at a single unit-cell thickness to 0.097 eV at six unit-cell
thickness. Similarly, the band gap of the 2D STO films decreases
from 1.787 eV to 0.632 eV across the same thickness range.
Furthermore, the valence band degeneracy of 2D CTO films at
the VBM increases with thickness; in other words, more valence
bands converge at point M, whereas their conduction bands
remain non-degenerate at the CBM, ie. containing only one
energy band at the CBM. This non-degenerate character arises
from the highly dispersive Cd-5s-orbital derived conduction
bands, which results in higher carrier mobility at the CBM than
the less-dispersive Ti-3d-orbital derived conduction bands in
STO films.* The increased degeneracy at the VBM in thicker 2D
CTO films introduces additional scattering channels, thereby

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Energy bands of 2D CTO and STO films with different thicknesses: (a) Luc-CTO, (b) 6uc-CTO, (c) 1uc-STO, and (d) 6uc-STO. The Fermi

level is set to zero and marked with a horizontal dashed line.

increasing the probability of carrier scattering. Conversely, 2D
STO films remain non-degenerate at the VBM across all thick-
nesses. Consequently, thicker 2D CTO films have lower elec-
tronic scattering at the CBM, whereas 2D STO films exhibit
comparatively lower hole scattering at the VBM.

The calculated carrier effective masses of 2D CTO and STO
films at different thicknesses are shown in Table 1. The results
indicate that the anisotropy of the effective mass is not signif-
icant in these two films, that is, the numerical changes in
different directions of the reciprocal space are small, but the
effective mass is greatly affected by film thickness. For 2D CTO
films, the effective mass of holes at the VBM shows little

variation with thickness, remaining around 1.2 m,. However,
the effective mass of electrons at the CBM exhibits strong
thickness dependence. Specifically, the electron effective mass
is about 0.7 m, at a single-unit-cell thickness, deceasing to
approximately 0.25 m, at six-unit-cell thickness. For 2D STO
films, the hole effective mass at the VBM also exhibits weak
thickness dependence, staying around 1.1 m,. Different from 2D
CTO films, the electron effective mass at the CBM of the 2D STO
films remains nearly constant, with a value of about 0.4 m,
across the whole thickness range.

The stability of the hole effective mass at the VBM in both 2D
CTO and STO films can be attributed to the fact that their VBM
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Fig. 2 Element-resolved DOS of 2D CTO films with different thicknesses: (a) 1uc-CTO, (b) 2uc-CTO, (c) 3uc-CTO, (d) 4uc-CTO, (e) 5uc-CTO,
and (f) 6uc-CTO. The Fermi level (E¢) was set to zero and is indicated by a vertical dashed line in the above and each subsequent DOS diagram.
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Table 1 Effective charge mass (in unit of mg) of a hole (m}) at the VBM and electron (m
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°) at the CBM along a different k-path for 2D CTO films

and 2D STO films with thickness from 1 u.c. to 6 u.c. Here, mg represents the mass of free electrons

2D CTO films 2D STO films
Thickness my, /my m, [my my, /my m, /my
1u.c. (M — G)=1.300 (G — M)=0.718 (M — G)=1.085 (G — M)=0.421
(M — X) =1.250 (G — X)=0.682 (M — X) =1.052 (G — XxX)=0.414
2 u.c. (M — G)=1.237 (G — M)=0.477 (M — G) =1.089 (G — M) =0.446
M- X)=1.191 (G — X) =0.448 (M — X) =1.062 (G — X) =0.436
3u.c. (M — G)=1.211 (G — M) =0.369 (M — G) =1.099 (G — M)=0.452
(M — X)=1.163 (G — X)=0.348 (M — X)=1.069 (G = X)=0.442
4uc. (M — G)=1.170 (G = M) =0.306 (M — G)=1.112 (G = M) =0.457
M — X)=1.119 (G — X)=0.293 M — X) =1.079 (G — X)=0.448
5u.c. (M — G)=1.161 (G — M)=0.271 (M — G)=1.104 (G = M) =0.465
(M — X)=1.132 (G = X) =0.263 (M — X) =1.089 (G — X) =0.455
6 u.c. (M — G)=1.137 (G = M)=0.252 (M — G)=1.114 (G = M) =0.460
(

M — X)=1.111

G — X) = 0.246

(M — X) =1.082

(G — X) = 0.450

states are primarily derived from O-2p orbitals, and in both
systems the O atoms form Ti-O octahedra, which create similar
local chemical environments for O atoms, resulting in similar
band curvatures and thus weak thickness dependence of the
hole effective mass. In contrast, the distinct electron effective
mass at the CBM arises from different orbital origins: in 2D CTO
films the CBM is dominated by Cd-5s states, whereas in 2D STO
films it is governed by Ti-3d states.

As shown in Fig. 3(a), (b) and S4, within the thickness range
studied here, although the two surfaces of the 2D CTO films
consist of different atomic layers (one end being a TiO layer and
the other a CdO layer), the potential difference between these
two surfaces is very small, which indicates that the electron
affinity on these two surfaces is similar. It is worth mentioning
that this phenomenon differs significantly from the situation in
2D STO films, as illustrated in Fig. 3(c), (d) and S5, and other 2D
perovskite films we have previously studied, such as 2D PbTiO;
and BaTiO; films.”® In these systems, there is a significant
potential difference between the upper and lower surfaces (the

planar average potential on the AO layer is higher than that on
the BO layer, where A = Sr, Ba, Pb, and B = Ti), indicating
distinct electron affinity between the upper and lower surfaces.

In order to provide quantitative information for the
uniqueness of the electron affinity on the surfaces of CTO films,
this study also calculated the difference between the work
function of the upper and lower surfaces of CTO films and STO
films under different thickness, and the results are shown in
Fig. S6. It can be seen from Fig. S6 that the work function
difference between the upper and lower surfaces of STO films is
large (above 2 eV), which is similar to the results previously
obtained in other perovskite films, such as PbTiO; films and
BaTiO; films, while the work function difference between the
upper and lower surfaces of CTO films is small (within 0.3 eV).

3.2 Effect of film thickness on optical properties

To quantitatively assess the optical transition probability
between the VBM and CBM, P* was calculated, as shown in
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Fig. 3 The planar averaged potential (PAP) of 2D CTO and STO films with different thicknesses: (a) luc-CTO, (b) 6uc-CTO, (c) 1uc-STO, and (d)
6uc-STO. The corresponding atomic structures are also given in the pictures and aligned to the PAP curves.
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Fig.4 The squares (in units of Debey?) of the transition dipole moment of 2D CTO films with different thicknesses: (a) Luc-CTO, (b) 2uc-CTO, (c)

3uc-CTO, (d) 4uc-CTO, (e) 5uc-CTO, and (f) 6uc-CTO.

Fig. 4 and 5. In 2D CTO films, the transition probability is
relatively low when the film thickness is within three-unit cell.
However, as the thickness increases beyond this threshold, the
transition probability increases significantly, indicating
enhanced optical activity in thicker CTO films. Moreover, it is
worth mentioning that, in thicker 2D CTO films, the peak of the
transition probability does not occur at the high-symmetry G or
M points, but at the intermediate k-points in the Brillouin zone.

In contrast, 2D STO films exhibit the highest transition
probability at a single-unit-cell thickness, with the peak located
at the G point, as shown in Fig. 5. When the thickness reaches or
exceeds two unit-cell layers, the transition probability drops
sharply, becoming nearly negligible. This highlights a strong
suppression of optical transitions in thicker STO films, in stark
contrast to the trend observed in CTO films. These results
highlight that ultrathin STO films and thicker CTO films may be
more favorable for optoelectronic applications involving light
absorption or emission.

The strength of the transition dipole moment is closely related
to the spatial overlap between the ground and excited electronic
states, that is, the greater the overlap, the stronger the transition
dipole moment. To analyze the causes of the differences in
transition probability mentioned above, this study calculated the
electronic state distributions of 2D CTO and STO films at the
VBM and CBM, and the results are shown in Fig. 6 and S7.

In 2D CTO films, the electronic states at the CBM are
distributed on the Cd atoms of multiple (001) CdO layers, while
the electronic states at the VBM are mainly distributed on the O

© 2026 The Author(s). Published by the Royal Society of Chemistry

atoms of the surface TiO layer and near-surface TiO layers. The
distance between the VBM states and CBM states is short, which
promotes the overlap of electronic states, enhances their
mutual interaction and thus the transition
probability.

In contrast, the CBM states of STO films are highly localized
on the Ti atoms of the surface TiO layer, while the electronic
states at the VBM are localized on the O atoms of the TiO layer
immediately under the SrO surface. At a single unit cell thick-
ness, the spatial proximity between the VBM and CBM states is
the shortest (Fig. S7), resulting in the highest electron transition
probability. However, as the film thickness increases, the spatial
separation of these two states widens, weakening the interac-
tion between them. This significantly reduces the transition
probability, thereby suppressing the optical activity in thicker
STO films.

The reason for the aforementioned phenomena may be
attributed to the different orbital characteristics at the CBM in
2D CTO and STO films. Due to the spherical symmetry of the 5s
orbital, the Cd 5s orbitals in different CdO layers can interact
with each other, and they can be combined together to form
delocalized orbitals. In contrast, the Ti 3d,, orbital extends
along the (001) TiO layer, preventing overlap between Ti 3d,,
orbitals that are on different (001) TiO layers. Consequently, the
electronic states at the CBM that are derived from the Ti 3d,,
orbitals exhibit strong localization. This localization inhibits
interlayer electronic interaction and suppresses optical transi-
tion probabilities, particularly in thicker STO films.

improves
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Last but not least, we would like to have some discussions on
the accuracy of our calculations. It is well-established that the
standard GGA/PBE approach may lead to an inaccurate
description of electronic properties of the systems containing
3d or 4f electrons. We have considered the exchange correlation
effect among Ti 3d electrons at the level of +U correction. The
band structures and PDOS of CTO and STO films with and
without +U correction are shown in Fig. S8 and S9. In the

Nanoscale Adv.

calculation, the effective Hubbard parameter (Ues) was set at
5.6 eV for Ti 3d orbitals, which was determined by a linear
response approach proposed by Cococcioni et al.*® From these
figures, it can be seen that after +U correction, except for an
increase in the band gap of STO films, there is basically no
significant change in the key electronic structures, i.e. the band
structures and PDOS of CTO and STO films. After +U correction,
the orbital composition of both CTO and STO films at the VBM
and CBM did not change, and the trend of band gap with
thickness in both systems remained unchanged, too. So, we
believe that performing +U correction will not have a substan-
tial impact on the existing conclusions.

4. Conclusions

This study systematically investigates the influence of film
thickness ranging from 1 u.c. to 6 u.c., on the electronic and
optical properties of 2D CTO and STO films using first-
principles calculations. Both of these films exhibit an indirect
band gap, with band gap values decreasing monotonically as
thickness increases. Specifically, the band gap of 2D CTO films
reduces from 1.155 eV (1 u.c. thick) to 0.097 eV (6 u.c. thick),
while that of STO films decreases from 1.787 eV to 0.632 eV over
the same thickness range. Furthermore, the electron effective
mass in 2D CTO films shows a pronounced reduction from 0.7
my to 0.25 m, with increasing thickness, whereas it remains
relatively stable at around 0.4 m, in STO films. Additionally, the
hole effective masses in both of these 2D films exhibit minimal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dependence on thickness, remaining nearly unchanged
throughout the thickness range studied.

For optical properties, 2D CTO films show a significant
enhancement in transition probability once the thickness
exceeds three unit-cell layers. In contrast, 2D STO films exhibit
the maximum transition probability at a thickness of one unit
cell, which then rapidly diminishes to near zero with further
increment in thickness. These differences can be attributed to
the difference in the spatial distribution of electronic states at
the VBM and CBM in these two materials. Overall, the results
demonstrate that the electronic and optical properties of 2D
CTO films are more strongly modulated by thickness than those
of 2D STO films, which makes 2D CTO films a more promising
candidate for thickness-engineered optoelectronic applications.
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