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ABSTRACT 

Barium titanate (BaTiO ) is a representative 

perovskite oxide with tunable optoelectronic 

(and mechanical) properties, making it 

promising for photovoltaic and 

multifunctional device applications. Using 

density functional theory (CASTEP), we have 

rationally investigated its response to 

hydrostatic pressure (0 500 GPa) and our 

simulations reveal substantial lattice 

contraction and shortening of the Ti O bond 

which involves a non-monotonic evolution of 

the band gap: ~1.71 eV at 0 GPa, increasing to 

~ 1.94 eV at 100 GPa, and then decreasing to 

~0.91 eV around 400 500 GPa.

The changes also shifted the optical absorption edge into the visible light region. Device 

modeling using SCAPS-1D and DFT-based inputs show hypothetical efficiencies to be 

increased under pressure (from 15.2% at 0 GPa to ~30% at 400 500 GPa), but these volumes 

should be regarded as idealized. Elastic properties analysis suggests with pressure there is 

increased stiffness, increased ductility, and potential for mechanically resilient products. 
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but would need to be verified experimentally. 

 

تحت الضغط: استخدام أدوات  3BaTiO الخواص البنيوية والإلكترونية والبصرية والميكانيكية لمركب

الملاءمة لإنشاء دوال تنبؤية للخواص الميكانيكية في تطبيقات الخلايا الكهروضوئية والطباعة ثلاثية 

 الأبعاد

 
عبد المنعم حمزة الرحوي، أيمن الحاجي، آرت أنتوني ز. مونيو، عبد الكبير الجبلي، ،محمد امحيجانمحمد كروشي،

 ، الحسين اوفنييوسف لشتيوي، عمر باجو العسولي،

 

BaTiO) يُعَدّ تيتانات الباريوم :ملخـــص الإلكترونية -الممثلة، بفضل خواصه البصرية أحد الأكاسيد ذات البنية البيروفسكايتية (

والميكانيكية القابلة للضبط، مما يجعله واعدًا في تطبيقات الخلايا الكهروضوئية والأجهزة متعددة الوظائف. باستخدام نظرية 

جيجا باسكال(.  –، قمنا بدراسة استجابته للضغط الهيدروستاتيكي )CASTEPعبر برنامج  (DFT) الكثافة الوظيفية

Ti الرابطةتكشف المحاكاة عن انكماش كبير في الشبكة البلورية وقصر في طول  O مما يؤدي إلى تطور غير رتيب في فجوة ،

جيجا باسكال، ثم تنخفض  إلكترون فولت عند  ~جيجا باسكال، تزداد إلى  إلكترون فولت عند  الطاقة: حوالي 

جيجا باسكال. كما أدّت هذه التغيرات إلى انتقال حافة الامتصاص البصري نحو  – إلكترون فولت في حدود   إلى

أن الكفاءة  DFT ومدخلات مبنية على SCAPS-1Dمنطقة الضوء المرئي. أظهرت نمذجة الخلية الشمسية باستخدام برنامج 

جيجا باسكال(، إلا أن هذه القيم  – % عند  جيجا باسكال إلى عند  % الافتراضية ترتفع تحت الضغط )من 

ينبغي اعتبارها مثالية. يشير تحليل الخواص المرنة إلى أن الضغط يزيد من الصلابة والليونة ويعزز إمكانية تصنيع منتجات ذات 

لكن الأمر ، BaTiO مقاومة ميكانيكية عالية. وبصورة عامة، تُظهر النتائج أن الضغط العالي يعدّ عاملًا فعالًا في ضبط خواص

 .يتطلب تحققًا تجريبيًا
كهروضوئي؛ الضغط الهيدروستاتيكي؛ تطبيقات كهروضوئية؛ تطبيقات الطباعة ثلاثية  الخواص البنيوية؛ الخواص الإلكترونية؛ الخواص البصرية؛ الخواص الميكانيكية؛ بيروفسكايت الكلمات المفتاحية:

 .الأبعاد

  

Barium titanate (BaTiO3) is a perovskite oxide renowned for its exceptional ferroelectric, 

dielectric, and piezoelectric properties, making it a key material in advanced materials research 

and technological applications[1,2]. Due to its high dielectric constant, strong polarization, 

and wide band gap, BaTiO3 is extensively used in capacitors, transducers, and electro-optic 

devices. More recently, its potential in photovoltaics and additive manufacturing has garnered 

significant interest, particularly for applications in high-efficiency solar energy conversion and 

3D-printed piezoelectric components[3]. However, optimizing BaTiO3

and mechanical properties for these emerging applications necessitates advanced material 

engineering approaches, one of which is pressure modulation[4,5]. 

Hydrostatic pressure is a powerful external stimulus that can significantly alter the crystal 

structure and electronic properties of perovskite materials[6,7]. In BaTiO3, pressure-induced 

phase transitions from tetragonal ferroelectric to cubic paraelectric states lead to substantial 

modifications in its electronic structure and band gap[8,9]. While at ambient conditions 

BaTiO3 exhibits a wide band gap of approximately 1.71 eV, applying hydrostatic pressure can 

alter orbital interactions and reduce the band gap, improving its optical absorption range for 

photovoltaic applications. This band gap tunability is crucial for enhancing charge carrier 
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generation and transport efficiency, key factors in achieving higher power conversion 

efficiency (PCE) in BaTiO3-based solar cells. Moreover, pressure-driven modifications in 

lattice parameters impact polarization properties, further influencing its ferroelectric 

photovoltaic behavior[10]. Beyond optoelectronic applications, pressure also enhances the 

mechanical robustness of BaTiO3, making it an excellent candidate for additive manufacturing 

and 3D printing technologies[8,11]. Conventional ceramic fabrication techniques often result 

in materials with inherent brittleness and porosity, limiting their functional applicability. 

However, pressure-assisted processing techniques such as spark plasma sintering (SPS) and 

cold sintering have demonstrated the ability to improve BaTiO3

fracture toughness[12]. These enhancements are essential for manufacturing high-

performance piezoelectric and dielectric components via 3D printing, where structural 

integrity and functional reliability are paramount. Furthermore, stress-induced domain 

engineering under controlled pressure conditions can optimize the poling process in BaTiO3 

ceramics, leading to enhanced piezoelectric responses in printed devices[13,14]. Integrating 

pressure engineering into BaTiO3-based photovoltaics and 3D printing applications presents a 

promising avenue for advancing next-generation energy and electronic devices[7]. By precisely 

tuning its structural, electronic, and mechanical properties, researchers can optimize BaTiO3

performance across multiple domains, from high-efficiency solar cells to durable, functional 

piezoelectric components. The study of pressure effects not only deepens the fundamental 

understanding of perovskite oxides but also paves the way for innovative applications in energy 

harvesting, smart materials, and additive manufacturing. As research in this field progresses, 

pressure-modulated BaTiO3 is poised to play a critical role in the evolution of multifunctional 

ceramic technologies[6]. In light of these motivations, the present work employs first-

principles calculations based on density functional theory (DFT) using the CASTEP code to 

systematically investigate the effects of hydrostatic pressure on the structural, electronic, 

optical, and mechanical properties of BaTiO3. Particular attention is given to the pressure-

induced modifications in lattice parameters, band structure, dielectric behavior, and elastic 

response. In addition, photovoltaic performance under varying pressure conditions is 

evaluated through device simulations using the SCAPS-1D software. 

  

In this study, we employed Density Functional Theory (DFT) calculations using the 

CASTEP code to investigate the structural, electronic, optical and mechanical properties of 

BaTiO3 under varying pressure conditions[15 17]. CASTEP is a first-principles quantum 

mechanical code that utilizes a plane-wave basis set and pseudopotentials to solve the Kohn-

Sham equations efficiently[15,16].  We utilized the Generalized Gradient Approximation 

(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional to describe the exchange-

correlation energy of electrons[18,19]. Ultrasoft pseudopotentials were employed to represent 

the interactions between valence electrons and ionic cores, allowing for a reduced plane-wave 

cutoff energy without compromising accuracy. A plane-wave cutoff energy of 500 eV was set 

to ensure convergence of the total energy and electronic properties. The Brillouin zone was 

sampled using a Monkhorst-Pack k-point grid of 4 × 4 × 4 for the primitive cell, providing a 

balance between computational cost and accuracy[20]. Structural optimizations were 
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performed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm, with convergence 

criteria set to an energy change of less than 1.0 × 10-5 eV per atom, a maximum force of 0.03 

eV/Å, a maximum stress of 0.05 GPa, and a maximum displacement of 1.0 × 10-3 Å. Hydrostatic 

pressure was applied in increments of 50 GPa, ranging from 0 to 500 GPa, with full structural 

optimization at each pressure point[21]. Following geometry optimization, electronic structure 

calculations were conducted to obtain the band structure and density of states (DOS), 

providing insights into the electronic properties and band gap variations under pressure. 

Elastic stiffness constants (Cij) were calculated using finite strain theory, from which the bulk 

modulus, shear modulus, Young's modulus, and Poisson's ratio were derived to assess the 

mechanical stability and stiffness of BaTiO3 under different pressures[22]. 

  

3.1 Structural Properties: Crystalline Structure and XRD Analysis 

3.1.1 Structural Parameters Under Pressure 

In this study, first-principles calculations based on Density Functional Theory (DFT) 

within the CASTEP code were employed to investigate the effect of hydrostatic pressure on the 

structural properties of BaTiO3[15,16]. By systematically varying the applied pressure, we 

analyzed the evolution of the lattice parameters and the unit cell volume[23]. As shown in 

Table 1, a clear and consistent reduction in both lattice parameters and cell volume is observed 

with increasing pressure. This behavior is attributed to the compression-induced densification 

of the crystal lattice, which in turn can significantly influence the mechanical stability and 

electronic characteristics of BaTiO3. 

Table 1: The structural evolution of BaTiO3 under different pressure levels. 

Pressure (GPa) Space Group IT Number Lattice Parameter (Å) Volume (Å³) Volume Reduction % 

0 PM-3M 221 4.0345 65.67032 0 % 

100 PM-3M 221 3.6333 47.96272 26.99 % 

200 PM-3M 221 3.4636 41.55116 36.72 % 

300 PM-3M 221 3.3524 37.67623 42.63 % 

400 PM-3M 221 3.2690 34.93371 46.81 % 

500 PM-3M 221 3.2025 32.84486 49.99 % 

 
Figure.1: The perovskite super cell of BaTiO3. 

 

Despite this compression, BaTiO3 remarkably preserves its cubic symmetry up to 500 GPa 

without undergoing any phase transition (Figure.1). This exceptional structural resilience 
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highlights its potential for applications in extreme environments, such as high-pressure sensors 

and piezoelectric devices, where maintaining crystallographic integrity is essential for ensuring 

reliable functional performance[24]. 
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Figure.2: XRD patterns of BaTiO3 under different pressure levels. 

 

To further validate the structural evolution of BaTiO3 under pressure, X-ray diffraction 

(XRD) simulations were carried out, as presented in Figure.2[25]. XRD analysis, a crucial tool 

for probing crystal symmetry and lattice variations, confirms the preservation of the cubic 

perovskite structure at ambient conditions, with diffraction peaks corresponding to the PM-

3M space group. As pressure increases, the diffraction peaks systematically shift towards higher 

angles, reflecting the compression of the lattice, in agreement with the decreasing lattice 

parameters observed in the structural data. Moreover, at pressures exceeding 300 GPa, the 

broadening of the peaks suggests the onset of structural distortions, which could have 

significant implications for the ferroelectric and dielectric properties of BaTiO3. 

 

3.2 Electronic proprieties: 

3.2.1 Optical Gap: 

The electronic band gap is a fundamental parameter that governs the optical and electrical 

behaviour of semiconducting materials, directly influencing their suitability for applications 

such as photovoltaics, optoelectronics, and sensors[26,27]. In BaTiO3, understanding the 

evolution of the band gap under pressure is essential for optimizing its functional 

performance[28,29]. As summarized in Table 2 and illustrated in Figure.3, the computed band 

gap values reveal that BaTiO3 initially exhibits an indirect band gap (M G transition) at 

ambient pressure (0 GPa), which evolves into a direct band gap (G G transition) at higher 

pressures. Interestingly, the band gap shows a non-monotonic variation: it increases at 100 GPa 
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before decreasing with further pressure increments. This behaviour indicates significant 

optical absorption. In particular, the gradual narrowing of the band gap at elevated pressures 

may enhance BaTiO3

photovoltaic applications. 

Table 2: The optical gap value evolution of BaTiO3 under different pressure levels. 

Pressure (GPa) Value of Gap (GGA) Value of Gap (HSE06) Type of Gap Brillion Zone 

0 1.71 eV [30] 2.9 eV  [30] Indirect [30] M-G 

100 1.94 eV 3.13 eV Direct G-G 

200 1.64 eV 2.83 eV Direct G-G 

300 1.34 eV 2.53 eV Direct G-G 

400 0.914 eV 2.1 eV Direct G-G 

500 0.91 eV 2.04 eV Direct G-G 
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Figure.3: These figures will visualize how the band structure and density of states (DOS) change with 

increasing pressure. 
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Figure.4: DOS of BaTiO3 under different pressure levels. 
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3.2.2 Density of State  

The Density of States (DOS) provides insight into the electronic structure modifications 

under pressure[31,32]. The DOS calculations indicate a shift in both the valence band 

maximum (VBM) and conduction band minimum (CBM), leading to changes in electronic 

dispersion. At low pressures, the valence band is predominantly composed of O 2p states, while 

the conduction band consists mainly of Ti 3d states. As pressure increases, the interaction 

between these states strengthens, contributing to band gap narrowing. Furthermore, an 

increase in pressure leads to a broadening of the conduction band, which suggests an 

enhancement in carrier mobility[33,34]. This effect is particularly important for applications 

in high-efficiency optoelectronic devices and pressure-sensitive semiconductors. The 

redistribution of electronic states under compression highlights the tunability of BaTiO3

electronic properties, reinforcing its potential use in next-generation electronic and 

photovoltaic materials[34,35]. 

 

3.3. Optical properties  

The optical response of BaTiO3 under increasing pressure conditions was examined to 

understand the variations in its dielectric function, refractive index, absorption coefficient, 

reflectivity, and energy loss function[36 38]. The following figures illustrate these properties 

at different pressure levels (0 GPa to 500 GPa). 
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Figure.5: The optical properties of BaTiO3 at various pressure levels. 
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Table.3: Summary of Key Optical Parameters of BaTiO3 under Different Pressures. 

Pression 𝑮𝑷𝒂 0 𝟏𝟎𝟎 200 300 400 500 

𝜺𝟏 (𝟎) Real part of the dielectric (0 eV) 6.81 6.6 6.87 7.22 7.66 8.28 

𝜺𝟐(𝟎) Imaginary part of the dielectric function (0 eV) 0 0 0 0 0 0 

𝜶(𝟎) Absorption coefficient (0 eV) 0 0 0 0 0 0 

𝑹(𝟎) Reflectivity (0 eV) 0.199 0.19 0.2 0.209 0.22 0.223 

𝝈𝑹(𝟎) Real part of optical conductivity (0 eV) 0 0 0 0 0 0 

𝝈𝑰(𝟎) Imaginary part of optical conductivity (0 eV) 0 0 0 0 0 0 

𝒏(𝟎) Refractive index (0 eV) 2.61 2.57 2.62 2.68 2.76 2.82 

𝒌(𝟎) Extinction coefficient (0 eV) 0 0 0 0 0 0 

𝐿(𝟎) Energy loss function (0 eV) 0 0 0 0 0 0 

 

Both the real part 𝜀1and the imaginary part 𝜀2 of the dielectric function are important and 

provide crucial information about the electrical and optical behavior of a material. The real 

part of the dielectric function is related to the electrical properties and the ability of the material 

to polarize [39,40], while the imaginary part is associated with the energy dissipation and 

optical properties of the material. Together, these two parts provide a complete picture of the 

dielectric behavior of the material [41,42]. 

𝜀(𝜔) =  𝜀1(𝜔) +  𝑖𝜀2(𝜔)                                                      (1) 

 

The Kramers − Kronig relation enables the acquisition of the real component: 

          𝜀1(𝜔) = 1 +  
2

𝜋
𝑀 ∫

𝜀2(𝜔 )𝜔 

𝜔2 − 𝜔2 

∞

0
𝑑𝜔                                                (2)  

 

The symbol 𝑀 in the aforementioned equation represents the principal part value of the 

integral. The imaginary component is determined by the Kohn Sham equation that pertains to 

the relevant particles. The determination of the imaginary part, in contrast, is contingent upon 

the Kohn Sham equation particle[43,44]:  

   𝜀2(𝜔) =  
𝑉𝑒2

2𝜋ℏ𝑚2 𝜔2  ∫ 𝑑3 𝑘 ∑ ⌈⟨𝑘𝑛|𝑝|𝑘𝑛⟩ ⌉
2

𝑓(𝑘𝑛) × (1 − 𝑓(𝑘𝑛 
𝑛𝑚 ))𝛿(𝐸𝑘𝑛 − 𝐸𝑘𝑛 −  ℏ𝜔)            (3) 

The determination of polarization 𝑃(𝜔) and susceptibility 𝜒(𝜔) in Perovskite materials 

involves utilizing the real component of dielectric parameters. This relationship allows for the 

characterization and quantification of the material's response to an applied electric field, 

shedding light on its polarization behavior. The real part of dielectric function 𝜀1(𝜔) 

parameters serves as a key metric in understanding how Perovskite materials interact with 

external electric fields, offering insights into their dielectric properties and susceptibility to 

polarization under specific conditions[45,46]:  

𝑃(𝜔) = 𝜀0𝐸(𝜔) = [𝜀1(𝜔) − 1]𝜀0𝐸(𝜔)                                             (4) 

Index of Refraction; The material's refractive index is directly linked to the real segment 

of the dielectric function. The refractive index (𝑛) can be expressed as 𝑛 =  √𝜀1 , representing 

how light travels through the material[40,47]. 
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The optical properties of BaTiO3 under varying pressure conditions were systematically 

investigated to better understand its optoelectronic behavior. Figure.5(𝜀1(𝜔)) presents the real 

part of the dielectric function (𝜀1(𝜔)) as a function of photon energy, where at ambient 

pressure (0 GPa), a pronounced peak appears at low energy, indicating strong polarization 

effects. As pressure increases, this peak shifts towards higher photon energies, reflecting a 

denser electronic environment that enhances interband transitions. This shift is consistent 

with the reduction in band gap observed under compression, confirming an increase in 

electronic transitions at lower wavelengths. The imaginary part of the dielectric function 

(𝜀2(𝜔)), depicted in Figure.5(𝜀2(𝜔)

behavior. At 0 GPa, 𝜀2(𝜔) displays an absorption edge near the band gap energy (1.71 eV). 

With rising pressure, the peak intensity slightly decreases, and the absorption onset moves 

towards lower photon energies, a trend that correlates with the narrowing band gap and 

suggests enhanced absorption in the visible spectrum, favorable for photovoltaic 

applications[48]. Complementing these findings, the refractive index (𝑛) behavior is illustrated 

in Figure.5(n). At ambient pressure, BaTiO3 exhibits a high refractive index at low photon 

energies, which diminishes at higher energies. Under compression, the static refractive index 

increases, especially at lower energies, due to the denser electronic structure.  

with implications for photovoltaics and other optoelectronic applications. The extinction 

coefficient (k,Figure. 5) follows the same pressure-dependent trend as the imaginary dielectric 

function, showing a redshift and enhanced absorption strength that indicate a greater density 

of states available for electronic transitions. The absorption coefficient  rises steeply 

beyond the band gap at 0 GPa, while increasing pressure shifts the absorption edge to lower 

R, 

Fig. 5) decreases at high photon energies but is enhanced at low energies under compression, 

suggesting stronger interband interactions and potential use in optical coatings. The energy 

loss function (L, Fig. 5) exhibits a plasma resonance peak that shifts to higher energies with 

pressure, reflecting increased electronic density and reduced free-carrier screening factors 

relevant for plasmonic devices. Optical conductivity  also increases at lower energies 

with pressure, pointing to a pressure-driven trend toward semimetallic behavior. Together, 

these observations highlight that compression enhances light absorption, modifies plasmonic 

responses, and improves conductivity, t

photovoltaics but also for advanced optical coatings, waveguides, and photonic crystals. A 

summary of the key optical parameters under different pressures is provided in Table 3. 

3.4 Elastic propriety 

The stiffness matrices calculated at various pressures reveal a pronounced enhancement 

in the elastic response of BaTiO3 under compression (Table 4)[49,50]. At 0 GPa, the diagonal 

elements of the stiffness matrix are around 266.61 GPa (for the cubic components) and 

118.68 GPa (for the shear components). As pressure increases to 100, 200, 300, 400, and 

500 GPa, these values rise dramatically for instance, reaching up to 3054.5 GPa and 380.49 GPa 

at 500 GPa. This significant increase indicates that BaTiO3 becomes substantially stiffer with 
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applied pressure, a key characteristic for applications in 3D printing where high structural 

integrity and resistance to deformation are essential. 

Table. 4: Stiffness matrix of BaTiO3 under different pressure levels. 

stiffness matrix (coefficients in 0 GPa) 

266.61   96.795   96.795        0        0        0  

96.795   266.61   96.795        0        0        0  

96.795   96.795   266.61        0        0        0 

0        0        0   118.68        0        0 

0        0        0        0   118.68        0 

0        0        0        0        0   118.68 

 

stiffness matrix (coefficients in 100 GPa) 

935.66   324.42   324.42        0        0        0  

324.42   935.66   324.42        0        0        0  

324.42   324.42   935.66        0        0        0  

0        0        0   213.99        0        0 

0        0        0        0   213.99        0 

0        0        0        0        0   213.99 

 

stiffness matrix (coefficients in 200 GPa) 

1530.1   519.09   519.09        0        0        0  

519.09   1530.1   519.09        0        0        0  

519.09   519.09   1530.1        0        0        0  

0        0        0   276.73        0        0 

0        0        0        0   276.73        0 

0        0        0        0        0   276.73 

 

stiffness matrix (coefficients in 300 GPa) 

2046.8   728.65   728.65        0        0        0 

728.65   2046.8   728.65        0        0        0 

728.65   728.65   2046.8        0        0        0 

0        0        0   329.75        0        0 

0        0        0        0   329.75        0 

0        0        0        0        0   329.75 

 

Stiffness matrix (coefficients in 400 GPa) 

2595.2   920.56   920.56        0        0        0 

920.56   2595.2   920.56        0        0        0  

920.56   920.56   2595.2        0        0        0  

0        0        0   361.33        0        0 

0        0        0        0   361.33        0 

0        0        0        0        0   361.33 

 

Stiffness matrix (coefficients in 500 GPa) 

3054.5   1077.8   1077.8        0        0        0 

1077.8   3054.5   1077.8        0        0        0 

1077.8   1077.8   3054.5        0        0        0 

0        0        0   380.49        0        0 

0        0        0        0   380.49        0 

0        0        0        0        0   380.49 

 

 
Table. 5: Average properties  

Value of 

Pressure 

Averaging 

scheme 
Bulk modulus Young's modulus Shear modulus Poisson's ratio 

0 GPa 

Voigt KV = 153.4 GPa EV = 256.83 GPa GV = 105.17 GPa V = 0.22096 

Reuss KR = 153.4 GPa ER = 251.27 GPa GR = 102.39 GPa R = 0.227 

Hill KH = 153.4 GPa EH = 254.05 GPa GH = 103.78 GPa H = 0.22397 

100 GPa 

Voigt KV = 528.17 GPa EV = 649.23 GPa GV = 250.64 GPa V = 0.29513 

Reuss KR = 528.17 GPa ER = 632.41 GPa GR = 243.15 GPa R = 0.30044 

Hill KH = 528.17 GPa EH = 640.84 GPa GH = 246.9 GPa H = 0.29778 

200 GPa 

Voigt KV = 856.09 GPa EV = 966.19 GPa GV = 368.24 GPa V = 0.3119 

Reuss KR = 856.09 GPa ER = 895.84 GPa GR = 337.9 GPa R = 0.32559 

Hill KH = 856.09 GPa EH = 931.2 GPa GH = 353.07 GPa H = 0.31871 

300 GPa 

KV = 1168 GPa EV = 1223.3 GPa GV = 461.48 GPa V = 0.32544 KV = 1168 GPa 

KR = 1168 GPa ER = 1106.2 GPa GR = 412.12 GPa R = 0.34215 KR = 1168 GPa 

KH = 1168 GPa EH = 1165.2 GPa GH = 436.8 GPa H = 0.33374 KH = 1168 GPa 

400 GPa 

Voigt KV = 1478.8 GPa EV = 1472.1 GPa GV = 551.72 GPa V = 0.33409 

Reuss KR = 1478.8 GPa ER = 1269.2 GPa GR = 467.67 GPa R = 0.35695 

Hill KH = 1478.8 GPa EH = 1371.5 GPa GH = 509.7 GPa H = 0.34542 

500 GPa 

Voigt KV = 1736.7 GPa EV = 1670.9 GPa GV = 623.65 GPa V = 0.33965 

Reuss KR = 1736.7 GPa ER = 1380.2 GPa GR = 504.64 GPa R = 0.36754 

Hill KH = 1736.7 GPa EH = 1527.1 GPa GH = 564.14 GPa H = 0.35345 

 

The averaged elastic properties obtained using Voigt, Reuss, and Hill schemes, further 

quantify this improvement (Table 5)[51,52]. At ambient conditions, the bulk modulus is about 
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153.4 GPa, Young s modulus is approximately 254.05 GPa, and the shear modulus is around 

103.78 GPa. Under increased pressure, these moduli show a marked enhancement, with the 

bulk modulus rising to 1736.7 GPa, Young s modulus to 1527.1 GPa, and the shear modulus to 

564.14 GPa at 500 GPa. The modest increase in Poisson s ratio from roughly 0.224 to 0.35345 

suggests that while the material becomes much stiffer, it still retains some ductility. This 

balance between stiffness and ductility is particularly advantageous for 3D printing 

applications, where the material must withstand mechanical stresses without fracturing during 

the fabrication process[53 55]. 

 

3.5. Elastic Moduli vs Pressure Analysis 

Equations plots describing the variation of elastic moduli with pressure for the Hill averaging 

scheme as represented in Figure.7[56,57]. 

 

Bulk Modulus:  K(P) = 156.1497 + 3.7670P - 1.2661 × 10⁻³P² + 1.3380 × 10⁻ P³ 

Young's Modulus:  E(P) = 256.1428 + 4.2432P - 4.8496 × 10⁻³P² + 2.9132 × 10⁻ P³ 

Shear Modulus:  G(P) = 104.5059 + 1.5830P - 1.9133 × 10⁻³P² + 1.1785 × 10⁻ P³ 

Poisson's Ratio:  - 6.5339 × 10⁻ P² 

 

 
Figure.7: Fitting of Poisson's Ratio vs Pressure, Young's Modulus vs Pressure, Shear Modulus vs Pressure, and 

Bulk Modulus vs Pressure 

 

To further understand the pressure dependence of these properties, predictive polynomial 

functions were developed for the elastic moduli[58,59]. 

 

Bulk Modulus K(P): K(P) = 156.1497 + 3.7670P - 1.2661×10⁻³P² + 1.3380×10⁻ P³ 
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This equation shows that as pressure (P) increases, the bulk modulus increases 

nonlinearly. A higher bulk modulus indicates that BaTiO3 becomes more resistant to uniform 

compression, implying improved structural integrity under load. 

 E(P): E(P) = 256.1428 + 4.2432P - 4.8496×10⁻³P² + 2.9132×10⁻ P³ 

Similarly, Young s modulus increases with pressure, which means the material becomes stiffer 

and can better resist tensile forces. This stiffness is critical in applications where deformation 

under stress must be minimized. 

Shear Modulus G(P): G(P) = 104.5059 + 1.5830P - 1.9133×10⁻³P² + 1.1785×10⁻ P³ 

The shear modulus also increases with pressure, indicating enhanced resistance to shape 

changes under shear stress. This property is particularly important for ensuring the stability of 

the material when subjected to twisting or bending forces. 

 (P): (P) = 0.2329 + 0.0006P - 6.5339×10⁻ P² 

The slight increase in 

between stiffness and flexibility.with similar predictive functions established for Young's 

modulus, shear modulus, and Poisson's ratio. These fitted equations not only capture the 

observed trends but also serve as valuable tools for forecasting the mechanical behavior of 

BaTiO3 under conditions that extend beyond our simulation range. This predictive capability 

as 3D printing, where precise control over mechanical properties is required. 

 

3.6. Interpretation and Application in 3D Printing: 

These predictive models reveal that pressure significantly enhances the mechanical 

properties of BaTiO3, making it a highly promising material for 3D printing applications[60

62]. In 3D printing, particularly in the fabrication of functional components and structural 

elements, materials are required to exhibit high stiffness and durability while maintaining 

sufficient ductility to prevent brittle failure[63]

moduli under pressure imply that BaTiO3 can be engineered to have superior load-bearing 

capacity and resistance to deformation. Moreover, the fitted equations enable precise 

prediction and tailoring of these properties at different processing conditions, allowing for 

optimization of the printing parameters to achieve components with desired mechanical 

performance. Consequently, these results underscore the potential of pressure-engineered 

BaTiO3 for advanced manufacturing processes, where enhanced mechanical robustness is 

essential for high-performance 3D printed structures[64]. 

 
Table 6: Eigenvalues of the stiffness matrix  

Pressure 1 2 3 4 5 6 

0 GPa 118.68 GPa 118.68 GPa 118.68 GPa 169.81 GPa 169.81 GPa 460.2 GPa 

100 GPa 213.99 GPa 213.99 GPa 213.99 GPa 611.24 GPa 611.24 GPa 1584.5 GPa 

200 GPa 276.73 GPa 276.73 GPa 276.73 GPa 1011 GPa 1011 GPa 2568.3 GPa 

300 GPa 329.75 GPa 329.75 GPa 329.75 GPa 1318.2 GPa 1318.2 GPa 3504.1 GPa 

400 GPa 361.33 GPa 361.33 GPa 361.33 GPa 1674.6 GPa 1674.6 GPa 4436.3 GPa 

500 GPa 380.49 GPa 380.49 GPa 380.49 GPa 1976.8 GPa 1976.8 GPa 5210.1 GPa 
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3.7. Analysis and Interpretation of Stiffness Eigenvalues 

The eigenvalues of the stiffness matrix for BaTiO3 under various pressures (0 GPa to 

500 GPa) (Table 6) 

principal directions[65,66]. At 0 GPa, the three smallest eigenvalues (

118.68 GPa, while the intermediate eigenvalues (  GPa, and the largest 

eigenvalue (  GPa. As pressure increases, these values grow dramatically: for 

instance, at 500 GPa, the three smallest eigenvalues rise to 380.49 GPa, the intermediate 

eigenvalues reach 1976.8 GPa, and the largest eigenvalue soars to 5210.1 GPa. This substantial 

escalation, particularly in the highest eigenvalues, signifies that BaTiO3 becomes far more 

resistant to deformation in specific principal directions, indicating an increasingly anisotropic 

mechanical response under compression. From an engineering standpoint, such as in 3D 

printing structural components, this heightened anisotropy can be advantageous, provided the 

paths[67,68]. 

 
Table. 7: Variations of the elastic moduli  

 Young's modulus Linear compressibility Shear modulus Poisson's ratio 

0 GPa 

Emin Emax min max Gmin Gmax min max 

215.04 

GPa 

283.05 

GPa 
2.173 TPa 1 2.173 TPa 1 

84.906 

GPa 

118.68 

GPa 
0.10509 0.32491 

100 GPa 
565.59 

GPa 

768.61 

GPa 

0.63111 

TPa 1 

0.63111 

TPa 1 

213.99 

GPa 

305.62 

GPa 
0.20285 0.41496 

200 GPa 
749.44 

GPa 

1267.1 

GPa 

0.38937 

TPa 1 

0.38937 

TPa 1 

276.73 

GPa 

505.51 

GPa 
0.16687 0.50813 

300 GPa 
904.16 

GPa 

1664.2 

GPa 

0.28538 

TPa 1 

0.28538 

TPa 1 

329.75 

GPa 

659.08 

GPa 
0.16102 0.5477 

400 GPa 
1002.4 

GPa 

2113.1 

GPa 

0.22541 

TPa 1 

0.22541 

TPa 1 

361.33 

GPa 

837.3 

GPa 
0.143 0.59687 

500 GPa 
1063.8 

GPa 

2492.3 

GPa 

0.19194 

TPa 1 

0.19194 

TPa 1 

380.49 

GPa 

988.38 

GPa 
0.12994 0.63173 

 

3.8. Variations in Elastic Moduli and Their Significance 

 as listed in Table 

7[69]. At 0 GPa, Young s modulus ranges from 215.04 GPa to 283.05 GPa, while the shear 

modulus spans 84.906 GPa to 118.68 GPa. Concurrently, the linear compressibility stands at 

2.173 TPa⁻¹, and Poisson s ratio varies from 0.10509 to 0.32491. Under high pressure 

(500 GPa), Young s modulus surges to a range of 1063.8 GPa to 2492.3 GPa, while the shear 

modulus increases to 380.49 GPa 988.38 GPa. In parallel, the linear compressibility plummets 

to 0.19194 TPa⁻¹, indicating the material s pronounced resistance to volumetric deformation. 

stiff and relatively more flexible responses in different crystallographic directions. 

stiffer, more load-

ratio suggests that while certain orientations become extremely rigid, others retain enough 

ductility to mitigate brittle failure. This balance between high stiffness and directional ductility 
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is especially valuable in advanced 3D printing applications, where components must endure 

both compressive and tensile stresses without fracturing. By strategically exploiting these 

pressure-induced mechanical enhancements, BaTiO3 can be tailored for next-generation 

manufacturing processes, offering a unique combination of strength, anisotropy control, and 

structural resilience. The three-dimensional illustrations of the anisotropic elastic properties 

of BaTiO3 at various pressures (0, 100, 200, 300, 400, and 500 GPa), obtained using the ELATE 

software[70], are presented in Figure.8. These visualizations provide valuable insights into the 

pressure-induced evolution of the material's elastic anisotropy. 

 

(a) 0 GPa 

 
(b) 100 GPa 

 

 
(c) 200 GPa 

 

 
 

(d) 300 GPa 
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(e) 400 GPa 

 
(f) 500 GPa 

 
Figure.8: The 3D illustrations of the anisotropic elastic properties of BaTiO3; 0 GPa (a), 100 GPa (b), 200 GPa 

(c), 300 GPa (d),400 GPa (e), and 500 GPa (f) 

 

  
BaTiO3 has emerged as a promising material in the field of photovoltaics due to its high 

dielectric constant, tunable electronic properties, and strong light absorption 

capabilities[10,71]. The integration of BaTiO3 into solar cells, particularly perovskite-based 

photovoltaics, has demonstrated improved charge carrier mobility and enhanced stability 

under external environmental conditions[72]. Moreover, the pressure-induced modifications 

in the band gap of BaTiO3 provide opportunities to optimize its electronic structure for higher 

energy conversion efficiency. By understanding the influence of pressure on the electronic and 

optical properties of BaTiO3, this study contributes to the development of more efficient and 

durable photovoltaic materials.  

The solar cell was designed and simulated using SCAPS-1D software[73]. Figure.9 

illustrates the cell's structure, highlighting key components such as IGZO, which serves as the 

electron transport layer (ETL), and BaTiO3 under varying pressure conditions, functioning as 

the window layer. The absorber layer consists of CH3NH3PbI3, while a flat band model is 

applied to both the front and back contacts. To ensure the accuracy and reliability of the 

simulation, the electronic parameters of these layerscritical for evaluating the device's 

performance were carefully chosen and are detailed in Table 8 [74 77]. These parameters were 

computed and obtained from well-established literature sources[78]. 

 
Table 8: Electronic parameters of used layer in the device structure 

Parameters FTO IGZO BaTiO3 𝐂𝐇𝟑𝐍𝐇𝟑𝐏𝐛𝐈𝟑 

W(µm) 0.4 0.055 0 .3 0.6 

Electron affinity(eV) 9 3.5 3.9 3.9 

εr(relative) 4 9 2500 10 
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Parameters FTO IGZO BaTiO3 𝐂𝐇𝟑𝐍𝐇𝟑𝐏𝐛𝐈𝟑 

Eg(eV) 3.5 3.07 1.810 1.56 

Nc(cm−3) 2.2 × 1018 9.6× 1019 2.2× 1018 2.76 × 1018 

Nv(cm−3) 1.8 × 1019 2.8 × 1019 1.8 × 1018 3.9 × 1018 

μn(cm2/Vs) 20 70 20 15 

μp(cm2/Vs) 10 20.3 10 15 

ND(cm−3) 2 × 1019 1018 1016 0 

NA(cm−3) 0 0 0 1012 
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Figure.10. Current Density and Quantum Efficiency QE of BaTiO3 under different pressure levels. 

Figure 9. The studied solar cell structure device. 
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4.1. Interpretation of JV and Quantum Efficiency Curves from SCAPS-1D (Table 9 and 

Figure.9) 

The Figure.10(a) illustrates the J V characteristics of BaTiO3-based solar cells under 

different hydrostatic pressures (0, 100, 200, 300, 400, and 500 GPa). As pressure increases, the 

short-circuit current density (Jsc) curve shifts upward, indicating a higher current output at a 

given voltage. This shift reflects an improved light-absorption capability and enhanced charge-

carrier generation, which are consistent with the pressure-induced narrowing of the band gap 

observed in our electronic structure calculations. Additionally, the open-circuit voltage (Voc) 

experiences a modest increase at higher pressures, contributing to an overall rise in power 

conversion efficiency (PCE). The changes in fill factor (FF) are also visible in the shape of the 

J V curves, with elevated pressures generally favoring more rectangular (and thus higher FF) 

curves. The Figure.10(b) presents the external quantum efficiency (QE) as a function of 

wavelength. At ambient pressure (0 GPa), the QE curve demonstrates a moderate range of 

photon absorption. Under increased pressure, however, the QE curve extends to longer 

wavelengths and/or exhibits a higher overall magnitude in the visible to near-infrared region, 

signifying more efficient photon harvesting. This enhancement directly corresponds to the 

pressure-driven band gap tuning, which allows BaTiO3 to absorb lower-energy photons that 

would otherwise pass through at ambient conditions. The improved QE under elevated 

pressures thus corroborates the significant gains in Jsc and, by extension, PCE. 

 

4.2. Interpretation of SCAPS-1D Photovoltaic Performance Results 

The photovoltaic performance of BaTiO3-based devices was simulated using SCAPS-1D 

under various hydrostatic pressures, as summarized in the Table 9 below: 

 
Table 9:  Table of photovoltaic performance of BaTiO3 under various pressures. 

Pressure (GPa) PCE (%) FF (%) Jsc (mA/cm²) Voc (V) 

0 15.23 80.34 24.73 0.7664 

100 15.00 80.25 24.41 0.7658 

200 15.37 80.36 24.95 0.7667 

300 18.65 79.39 30.40 0.7729 

400 30.23 84.53 45.61 0.7840 

500 30.53 84.54 46.04 0.7843 

 

At ambient conditions (0 GPa), the baseline performance of the BaTiO3 device is modest, 

with a power conversion efficiency (PCE) of 15.23%, a short-circuit current density (Jsc) of 

24.73 mA/cm², a fill factor (FF) of 80.34%, and an open-circuit voltage (Voc) of 0.7664 V. These 

initial values provide a reference point for understanding the impact of applied pressure on 

device performance. Upon increasing the pressure to 100 and 200 GPa, the photovoltaic 

parameters remain largely unchanged, indicating that modest pressure does not significantly 

alter the electronic properties at these levels. However, a noticeable improvement occurs at 

300 GPa, where the PCE rises to 18.65%. This enhancement is primarily driven by an increase 

in Jsc to 30.40 mA/cm² and a slight improvement in Voc, despite a small reduction in FF. The 

considerable increase in Jsc suggests that the pressure-induced narrowing of the band gap 

enhances the optical absorption, thereby generating more charge carriers. At higher pressures 
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(400 500 GPa), the device performance experiences a dramatic boost, with the PCE climbing 

to over 30% (30.23% at 400 GPa and 30.53% at 500 GPa). In this regime, Jsc nearly doubles to 

approximately 45.61 46.04 mA/cm2, and FF increases to around 84.53 84.54%, while Voc 

exhibits a modest rise to approximately 0.784 V. These improvements underscore the critical 

role of pressure in tuning the optoelectronic properties of BaTiO3, thereby enabling a more 

efficient photovoltaic response. 

The substantial enhancements in photovoltaic parameters at elevated pressures highlight 

the dual benefits of pressure engineering: improved light-harvesting capabilities due to band 

gap modulation and superior charge carrier dynamics. When coupled with the significant 

mechanical robustness achieved through pressure-induced stiffness improvements, these 

findings position BaTiO3 as a highly promising material for multifunctional applications 

particularly in high-performance photovoltaic devices and 3D printing, where both electrical 

efficiency and mechanical durability are paramount. 

 

5.CONCLUSION 

In summary, our comprehensive investigation demonstrates that hydrostatic pressure plays a 

critical role in tuning the multifunctional properties of BaTiO3. Using all the data presented 

from the hydrostatic pressure impact on BaTiO3

modulation, and enhanced photovoltaic performance to the dramatic rise in stiffness and 

selective anisotropy revealed by the stiffness eigenvalues this work underscores the powerful 

role of pressure engineering in optimizing BaTiO3 for multifunctional applications. The 

SCAPS-1D simulations confirm that even moderate pressure levels can substantially improve 

device metrics such as Jsc, FF, Voc, and, ultimately, the power conversion efficiency (PCE). 

modulus, shear modulus, and bulk modulus at elevated pressures, indicating superior 

mechanical resilience and load-bearing capacity. These improvements hold special relevance 

for 3D printing technologies, where high structural integrity is required alongside reliable 

electronic performance. Collectively, our findings illustrate how tuning BaTiO3 via hydrostatic 

pressure can yield a highly efficient, mechanically robust material suitable for next-generation 

photovoltaics and advanced additive manufacturing processes. This synergy between 

optoelectronic and mechanical enhancements not only advances the fundamental 

understanding of perovskite behavior under extreme conditions but also opens new avenues 

for tailoring BaTiO3-based systems to meet the demanding requirements of future energy and 

fabrication technologies. 
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