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ABSTRACT 

Heterojunctions between polymer and inorganic semiconductors have attracted considerable interest owing to their 

unique tunable electrical and optical properties and potential applications in optoelectronics and photochemistry. In this 

work, the structural, electronic, interfacial, and optical properties of a heterojunction between SrTiO3 and 

poly(tetracyanomethane) (PTCM) were studied using density functional theory (DFT) calculations with the GGA-PBE 

approximation. It was found that there exists a stable interface with strong Ti–N bond formation and good interfacial 

interaction. The electronic band structure showed a decreased band gap of approximately 1.85 eV compared with bulk 

SrTiO3, with a type-II band alignment that favors effective charge separation and suppresses electron hole pair 

recombination. DOS and PDOS analysis suggested a strong orbital interaction between Ti 3d and N/C 2p orbitals near 

the Fermi level, which leads to interfacial charge transfer. Moreover, from optical studies, it was shown that the 

SrTiO3/PTCM interface had enhanced dielectric response, better visible light absorption, favorable refractive index, lower 

reflectance, and optical conductivity, thus showing higher photon absorption capacity. In addition, energy loss functions 

indicated better electron excitation with high-energy photons. 

Keywords: Density functional theory; polymer semiconductors; SrTiO3; hybrid materials; evaporation 

1. Introduction 

Polymer ceramic hybrid semiconductors are an emerging class of 

materials that combine the mechanical flexibility and tunability of 

polymers with the robust electronic properties of ceramic oxides [1]. 

These hybrid materials have shown potential for applications in 

photovoltaics, light-emitting diodes, and sensors due to their adjustable 

band structures and strong light-matter interactions. The unique 

properties of hybrid heterojunctions stem from the complex interplay 

between the distinct electronic structures of the constituent phases, 

which can be tuned through interfacial engineering [2-4]. Perovskite 

oxides such as strontium titanate (SrTiO3) possess wide band gaps, 

strong dielectric responses, and excellent chemical stability, making 

them attractive for hybrid device integration. SrTiO3 has been 

extensively studied for its photocatalytic activity and electronic 

applications due to its high dielectric constant and tunable defect 
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chemistry [5-6]. Previous studies have shown that modifying the surface of SrTiO3 with organic molecules can 

significantly alter its electronic properties and improve charge transfer characteristics at the interface. For 

example, organic adsorbates on SrTiO3 surfaces can induce surface dipoles that modify band alignment and 

improve charge separation efficiencies [7-8]. 

Poly(Tetracyanomethane) (PTCM) is a conjugated polymer characterized by strong electron-accepting 

cyano groups and extended π conjugation, which facilitates charge transport. In hybrid photovoltaic and 

electronic devices, due to their strong electron affinity and tunable optical absorption properties [9]. Combining 

SrTiO3 with PTCM offers a pathway to engineer hybrid heterojunctions with tailored electronic and optical 

behavior [10]. 

Understanding the interfacial phenomena between SrTiO3 and PTCM requires an atomistic theoretical 

approach. Density functional theory (DFT) has become a standard tool for investigating the electronic structure, 

dielectric properties, and interfacial charge redistribution in hybrid systems. DFT enables accurate predictions 

of band alignment, optical absorption spectra, and charge-transfer mechanisms, which are critical for 

optimizing device performance [11]. 

Here, we present a comprehensive DFT study of SrTiO3-modified PTCM heterojunctions, focusing on 

their electronic band structures, charge-transfer characteristics, and optical properties. We model realistic 

interfaces and analyze the effects of interfacial coupling on the overall electronic behaviour. The results 

provide key insights into the design of hybrid semiconductor materials with enhanced functional properties [12]. 

2. Materials and methods 

First-principles calculations were performed within the framework of density functional theory (DFT) 

using the Vienna Ab initio Simulation Package (VASP). The Perdew–Burke–Ernzerhof (PBE) generalized 

gradient approximation (GGA) was used for the exchange correlation functional. A Hubbard U correction 

(DFT+U) was applied to Ti 3d states to account for strong correlation effects. A cutoff energy of 500 eV was 

used for the plane wave basis set.  The SrTiO3 (001) surface was constructed using a slab model with 6 atomic 

layers, separated by a 15 Å vacuum. The PTCM polymer chain was adsorbed on the SrTiO3 surface in several 

configurations to identify the energetically favoured interface. Atomic coordinates were optimized until forces 

were <0.01 eV/Å.  The binding energy (Eb) of the SrTiO3/PTCM heterojunction was evaluated according to: 

𝐸𝑏 = 𝐸ℎ𝑒𝑡𝑒𝑟𝑜𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 − (𝐸𝑆𝑟𝑇𝑖𝑂3 + 𝐸𝑃𝑇𝐶𝑀) 

Where 𝐸ℎ𝑒𝑡𝑒𝑟𝑜𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 is the total energy of the optimized SrTiO3/PTCM interface, while is the total 

energy of the optimized SrTiO3/PTCM interface, while  𝐸𝑆𝑟𝑇𝑖𝑂3 and 𝐸PTCM  represent the energy states of the 

isolated relaxed SrTiO3 slab and PTCM structure, respectively, obtained in the same supercell model. Several 

adsorption models were initially studied; the reported structure refers to the most stable one. 

The band structure and density of states (DOS) were calculated for isolated SrTiO3, PTCM, and the hetero 

junction. Bader charge analysis quantified charge transfer at the interface. Optical properties were calculated 

from the frequency-dependent complex dielectric function ε (ω), from which absorption coefficients and 

refractive indices were derived. 

3. Results and discussion 

3.1. Structural Optimization and Interfacial Properties 

The SrTiO3/PTCM heterojunction was fully relaxed to its minimum energy configuration. The PTCM 

polymer aligns parallel to the SrTiO3 (001) surface, enabling strong interactions between its cyano (–C≡N) 

groups and surface Ti atoms. The interfacial binding energy of 1.23 eV per adsorption site and Ti–N bond 

distances of 2.05-2.10 Å, which indicate a thermodynamically stable interface with significant interfacial 
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electronic hybridization inferred from PDOS and structural parameters, causing minor distortion in surface 

TiO6 octahedra and slight elongation of the polymer backbone, consistent with previous oxide-organic 

interfaces. Interfacial interaction can be deduced from the results on the formation of very short Ti-N bonds 

(Ti-N bond distance ranging from 2.05 to 2.10Å) and binding energy, while the orbital interaction can be 

understood from the PDOS study where the overlap of N2p and Ti3d orbitals at the edge of the band was 

observed. In addition, Bader charge analysis confirms the charge transfer at the interface. The CDD study, 

ELF, and bond order calculation that can give clear evidence about bonding were not discussed in the current 

study. Figure 1 shows the optimized structures of (a) PTCM, (b) cubic SrTiO3, and (c) the PTCM/SrTiO3 

heterojunction. 

The PTCM chain exhibits a quasi-linear π-conjugated backbone terminated with cyano groups, promoting 

electron delocalization and substrate interaction, making it suitable for hybrid semiconductor applicationsю 

The SrTiO3 structure retains its cubic perovskite lattice (space group Pm3̅m), with undistorted TiO6 octahedra 

contributing to its stable dielectric and electronic properties. In the heterojunction, the polymer maximizes 

interfacial contact, forming Ti–N bonds that induce slight TiO6 distortion, minor chain bending, and a reduced 

interfacial distance (~2.0-2.2 Å). These strong interfacial interactions facilitate charge transfer, crucial for 

electronic structure tuning and optoelectronic performance. Overall, the optimized structures confirm that 

PTCM provides a flexible, electron-accepting framework, SrTiO3 offers a stable inorganic lattice with strong 

dielectric properties, and the heterojunction exhibits strong interfacial bonding and structural stability, forming 

the basis for the hybrid system, which has enhanced electronic and optical behavior. 

a 

 

b c 

Figure 1. Optimized atomic structures of (a) Poly Tetracyanomethane (PTCM) chain, (b) cubic perovskite SrTiO3, and (c) 

PTCM/SrTiO3 hetero junction. The composite structure illustrates the interfacial interaction between the polymer matrix and the 

inorganic SrTiO3 phase. 

3.2. Band Structure Analysis 

The calculated electronic band structures of pristine SrTiO3, isolated PTCM, and the SrTiO3-PTCM 

heterojunction are shown in Fig. 2. The plot shows the band structure (energy dispersion) of electronic states 

found in the PTCM/SrTiO3 heterojunction as a function of several high-symmetry k-points (G–F–Q–Z–G) in 

reciprocal space. The Fermi level (EF), equal to E<sub>F</sub>=0 eV, serves as a reference point for 

distinguishing between occupied and unoccupied electronic states. The energies below (E<sub>F</sub>) 

correspond to those of the valence band (VB), whereas the energies above are for the conduction band (CB). 

There is a distinct energy gap between the top of the VB and the bottom of the CB, indicating that the 

heterojunction is semiconducting. The calculated band gap of approximately 2.004 eV (shown in Figure 2) is 

significantly less than that for bulk SrTiO3 (~3.2 eV). The decrease in the band gap is due to the strong 

interaction (coupling) and hybridization of orbitals at the interface of the two materials, resulting in new 

electronic states forming close to the band edges. The smaller band gap enables the heterojunction to absorb 

some of the visible-light spectrum; therefore, there is an increase in light-harvesting efficiency. The valence 
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band maximum (VBM) exhibits a relatively flat profile, which tells us there are localized states in the 'hole' 

band (where holes are the absence of an electron) with lower mobility, whereas the conduction band minimum 

(CBM) presents with a moderate amount of dispersion, which indicates that there will be greater mobility for 

electrons. Since the CBM and VBM exist at different k-points, the heterojunction has an indirect bandgap, 

meaning electrons will require some assistance from a phonon (a form of momentum) to transition from the 

'hole' band to the 'electron' band. Overall, indirect transitions will take longer than direct transitions, but they 

will help eliminate the recombination of electrons and holes and will assist in the efficiency of separating the 

electrons and holes. Moreover, since band alignment indicates type-II heterojunction behaviour, this forms a 

natural tendency for electrons to migrate to the conduction band of SrTiO3 and holes to remain in the valence 

band of PTCM, respectively. The separate locations of the carriers increase the likelihood that the two will 

recombine while promoting the transfer of carriers across the interface, indicating that this will be a desirable 

outcome in photocatalytic, photovoltaic, and optoelectronic applications. Together, a reduced band gap and 

improved charge transport would demonstrate that the heterojunction enhances the ability of devices to operate 

under visible light. 

 

Figure 2. Electronic band structure and band alignment of the PTCM/SrTiO3 heterojunction. The plot illustrates the distribution of 

energy states, highlighting the conduction band (CB) and valence band (VB) positions of both PTCM and SrTiO3. The band gap is 

observed from the separation between the VB and CB regions, indicating the heterojunction’s potential for efficient charge separation 

and photocatalytic activity. 

3.3. The Total Density of States (DOS) 

The total DOS of the PTCM/SrTiO3 heterojunction Fig. 3 shows contributions from both the polymer and 

its additive components. Compared to pristine SrTiO3, the heterojunction exhibits broadened valence band 

edges, mid-gap tail states, and a slight Fermi level shift toward the conduction band. The valence band (-6 to 

0 eV) is mainly composed of O 2p and N/C 2p orbitals from SrTiO3 and PTCM, while the conduction band (0 

to +4 eV) is dominated by Ti 3d and C 2p states. Interfacial hybridization leads to orbital overlap and 

continuous DOS across the interface, reducing the overall band gap and introducing new interfacial states, 

enhancing visible-light absorption. DOS alignment near the Fermi level indicates efficient charge transfer, 

with electrons in the Ti 3d conduction band and holes in the N 2p valence band, confirming a type-II 

heterojunction that suppresses electron-hole recombination. The increased DOS near band edges also suggests 

improved carrier mobility and extended light-harvesting efficiency, making this heterojunction promising for 

photocatalytic applications. 
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Figure 3. Density of states (DOS) of the PTCM/SrTiO3 heterojunction showing the contribution of each component near the valence 

and conduction bands, indicating effective electronic interaction and charge transfer across the interface. 

3.4. Projected Density of State (PDOS) 

The projected density of states (PDOS) of the PTCM/SrTiO3 heterojunction (Fig. 4) reveals the orbital 

contributions near the Fermi level. In the valence band (-3 to 0 eV), N 2p states from PTCM dominate, with 

minor O 2p contributions from SrTiO3 and noticeable N 2p–Ti 3d overlap near -1 eV, indicating interfacial 

hybridization and chemical interaction between cyano groups and Ti atoms. The conduction band is primarily 

composed of Ti 3d states from SrTiO3 and C 2p states from PTCM, consistent with previous studies. Variations 

in peak intensities among the projections (s, p, d, f, sum) highlight the dominant role of Ti 3d and N 2p orbitals 

in charge transport. The overlap near the band edges facilitates efficient charge transfer, supporting a type-II 

band alignment where electrons migrate to SrTiO3, and holes remain in PTCM, reducing recombination and 

enhancing photocatalytic performance. Overall, the PDOS confirms that the heterojunction induces strong 

interfacial electronic coupling, beneficial for visible-light-driven applications. 

 

Figure 4. Projected density of states (PDOS) of the PTCM/SrTiO3 heterojunction, showing the orbital contributions of C, N, O, and Ti 

atoms to the valence and conduction bands. The valence band is predominantly composed of N 2p and O 2p states, while the conduction 

band is mainly contributed to by C 2p and Ti 3d orbitals. The overlap and hybridization of these states at the interface indicate strong 

electronic interaction, facilitating efficient charge transfer and separation across the heterojunction. 

3.5. Optical Properties 

The optical response of the SrTiO3-PTCM heterojunction was investigated through the frequency-

dependent complex dielectric function: 
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𝜀(𝜔) =  𝜀₁(𝜔) + 𝑖𝜀₂(𝜔) 

Where ε₁ (ω) represents the real part (dispersion) and ε₂ (ω) denotes the imaginary part (absorption). All 

optical constants, including absorption coefficient, refractive index, reflectivity, optical conductivity, and 

energy loss function, were derived from ε(ω). 

The dielectric response of the PTCM/SrTiO3 heterojunction reveals significant enhancements compared 

to pristine SrTiO3. 

The imaginary dielectric function reflects interband optical transitions. For SrTiO3, the absorption edge 

occurs near ~3.2 eV, corresponding to O 2p → Ti 3d transitions. In the SrTiO3-PTCM heterojunction, the 

absorption onset shifts to ~1.8-1.9 eV, with increased peak intensity in the visible range (2-4 eV) and additional 

low-energy shoulders. These arise from π → π* transitions within PTCM, interfacial charge-transfer transitions, 

and hybridized N 2p – Ti 3d states, confirming improved photon harvesting. 

The real dielectric function governs polarization and dispersion. The static dielectric constant ε₁(0) of the 

heterojunction is higher than that of pristine SrTiO3, indicating enhanced polarizability due to interfacial 

coupling. ε₁(ω) shows normal low-energy dispersion, with a peak around 2.5-3.0 eV linked to strong electronic 

polarization. The zero-crossing point shifts to lower energy, benefiting exciton dissociation in optoelectronic 

devices. 

As shown in Fig. 5, this is the graph depicting the dependence of the real (ε₁) and imaginary (ε₂) 

components of the dielectric function of PTCM-SrTiO3 heterojunction on photon energy between −10 and 10 

eV. The real part of the dielectric function (ε₁) reaches its maximum point at about 4.2-4.3 at photon energy 

from 0-1 eV and then gradually decreases with an increase in photon energy up to 7-9 eV. As for the imaginary 

component (ε₂), it is almost negligible at lower energies and becomes considerable starting from ~2 eV 

onwards, indicating the presence of electronic transitions. The ε₂ graph depicts two significant peaks, one from 

2.7-2.9 at 5-6 eV, followed by a gradual decline in values as the photon energy increases further. 

 

Figure 5. The real and imaginary components of the dielectric function of PTCM-SrTiO3 heterojunction vs. photon energy. The real 

part of the dielectric function (ε₁) shows a continuous decline in value with respect to an increase in photon energy, whereas the 

imaginary part of the dielectric function (ε₂) indicates good absorption capacity in the visible and UV regions. 

The absorption coefficient (α) measures how effectively a material absorbs incident electromagnetic 

radiation and is directly linked to the imaginary part of the dielectric function, reflecting electronic transitions 

from the valence to the conduction band. In the PTCM/SrTiO3 heterojunction, absorption is strongly influenced 

by interfacial charge transfer and band alignment, which enhance light-harvesting efficiency and broaden the 

optical response. 
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Figure 6 shows the absorption coefficient of the PTCM/SrTiO3 heterostructure in relation to photon 

energy ranging from 0 to 10 eV. The absorption coefficient is found to be very small at lower values of photon 

energy (lower than ~2 eV). An increase in absorption is seen after 3-4 eV photon energy, signifying the 

existence of strong electronic transitions. After that, there is a drastic increase in the value of the absorption 

coefficient, and a sharp peak is achieved at approximately 90.000-100.000 cm-1 at 7-8 eV photon energy, and 

some fluctuations are also observed for further increasing photon energy. 

Overall, the heterojunction exhibits enhanced absorption in the low-to-intermediate energy region, 

confirming its suitability for optoelectronic and photo-catalytic applications. This improvement over individual 

components is attributed to effective charge separation and strong interfacial electronic interactions. 

 

Figure 6. Absorption coefficient (α) of the PTCM/SrTiO3 heterojunction as a function of photon energy, showing strong optical 

absorption peaks due to interband electronic transitions. 

The electrical conductivity of the PTCM/SrTiO3 heterojunction originates from the synergistic interaction 

between semiconducting PTCM and perovskite SrTiO3. PTCM exhibits moderate conductivity due to its π-

conjugated system, though it is limited by defects and charge recombination, while SrTiO3, a wide bandgap 

semiconductor, conducts weakly through defect states such as oxygen vacancies. Upon forming the 

heterojunction, band alignment induces an internal electric field at the interface, promoting charge separation 

by transferring electrons from PTCM to SrTiO3 and retaining holes in PTCM. This suppresses recombination 

and enhances carrier mobility, thereby improving overall conductivity. Furthermore, interfacial states and 

defect engineering provide additional pathways for charge transport, further boosting performance. 

Figure 7 demonstrates the dependence of the electrical conductivity on the energy of the photons in the 

interval of 0 to 10 eV for the PTCM/SrTiO3 heterostructure with the account of real and imaginary parts. In 

the range of the energy, the conductivity begins to decrease sharply till it achieves the minimum level of -1.2 

at the energy of 4-5 eV, after that increasing at higher photon energy. Simultaneously, the value of imaginary 

conductivity monotonically grows starting from 0 eV up to the maximum value of 2.2 to 2.4 in 7-8 eV and 

then again decreases slightly at the energy of 9-10 eV. Thus, the sharp peaks at high energy demonstrate the 

increased electronic transitions and excitation of charge carriers. 
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Figure 7. Conductivity response of PTCM/SrTiO3 heterojunction showing variation of parameters blue and green curves for 

PTCM_SrTiO3 as a function of A, illustrating enhanced charge transport and interfacial effects in the heterostructure. 

The refractive index of the PTCM/SrTiO3 heterojunction arises from the combined optical response of 

polymeric PTCM and perovskite SrTiO3, governed by their electronic polarization and band structures. PTCM 

exhibits a moderate refractive index due to its π-conjugated network, enhancing light matter interaction, 

whereas SrTiO3 shows a higher refractive index in the visible and near-UV regions because of its dense and 

ionic crystal structure. Upon heterojunction formation, interfacial coupling modifies the dielectric environment 

through charge redistribution, electronic hybridization, and defect states. Consequently, the effective refractive 

index is non-additive and leads to improved optical performance, including enhanced light absorption and 

reduced reflection losses. Figure 8 illustrates the variation of the refractive index of the PTCM/SrTiO3 

heterojunction depending on the photon energy within the 0-10 eV range, both real and imaginary components 

being presented. The real component of the refractive index initially equals 1.8-1.9 at the point of 0 eV, rises 

slowly up to a maximum of 2.0 at 2-3 eV, and then decreases gradually with an increase in the photon energy 

until reaching nearly 1.0 at 9-10 eV. As for the imaginary component of the refractive index, it is initially equal 

to zero but begins to rise gradually from ~2 eV onwards, attaining its maximum at 0.8-0.9 at 6-8 eV and 

decreasing again afterwards. This contrast highlights the role of the heterojunction in tailoring optical 

dispersion, combining high refractive response at low energies with controlled behavior at higher energies, 

which is beneficial for optoelectronic and photo-catalytic applications. 

 

Figure 8. Refractive index spectra of the PTCM/SrTiO3 heterojunction showing variation of blue and green curves for PTCM_SrTiO3  

as a function of photon energy (A), illustrating dispersion behavior and interfacial optical effects. 
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The reflectivity of a PTCM/SrTiO3 heterojunction represents the fraction of incident electromagnetic 

radiation reflected from its surface and is governed by the complex refractive index and dielectric response. 

Polymeric PTCM typically exhibits low to moderate reflectivity, favoring light absorption, whereas SrTiO3, 

with its high refractive index and strong polarization, shows comparatively higher reflectivity, especially in 

the ultraviolet region. Upon heterojunction formation, interfacial electronic interactions and band alignment 

modify the optical constants, generally reducing reflectivity relative to pure SrTiO3. This reduction enhances 

light harvesting, making the system suitable for photocatalytic and optoelectronic applications. Figure 9 shows 

the spectrum of reflectance in the PTCM/SrTiO3 heterojunction with respect to photon energy from 0 to 10 

eV. The reflectance spectrum is relatively low in the entire range of energy levels, which means that most of 

the light is absorbed by the heterojunction instead of being reflected. The initial value of reflectance ranges 

from 0.09 to 0.10 in the vicinity of 0 eV. Subsequently, the reflectance level rises in accordance with the 

increase in photon energy. Two peaks are clearly evident at photon energies of 5-6 eV and 7-8 eV, with 

reflectance values ranging from 0.14 to 0.15 due to increased reflectance of light caused by electronic 

excitations in those energies. Reflectance drops after 8 eV and eventually stabilizes at values ranging between 

0.09 and 0.10. 

 

Figure 9. Reflectivity spectrum of the PTCM /SrTiO3 heterojunction showing variation of reflectivity PTCM_SrTiO3 as a function of 

photon energy (A), highlighting reduced reflection and enhanced absorption at higher energies. 

The energy loss function (ELF), expressed as In [-1/ε(ω)], describes the rate of electron energy loss and 

is closely associated with plasmon excitations and interband transitions. For the PTCM/SrTiO3 heterojunction, 

the ELF reflects the combined dielectric response of both components and their interface. Compared to the 

individual materials, the heterostructure shows broadened and enhanced peaks due to interfacial coupling and 

charge redistribution. Low-energy features originate from interband transitions (π-π* in PTCM and O 2p-Ti 

3d in SrTiO3), while strong high-energy peaks correspond to bulk plasmon resonances. Shifts in peak position 

and intensity indicate improved charge transfer and modified optical properties, beneficial for photocatalytic 

and optoelectronic applications. Energy loss function of PTCM/SrTiO3 heterojunction vs photon energy (eV) 

is depicted in Fig. 10. The energy loss function stays almost zero when the photon energy is less than about 2 

eV, which means that there is no energy loss for the incident electrons in this energy region. With the rise in 

the photon energy, the loss function rises gradually, which indicates an increased energy loss for the electrons 

due to the collective excitation of the electrons. A significant increase in the energy loss function can be 

observed in the higher photon energy region (about 6-10 eV), where the energy loss function attains its 

maximum value of 0.5-0.6 between 9-10 eV. 
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Figure 10. Energy loss function (In[-1/ε(ω)]) spectrum of the PTCM/SrTiO3 heterojunction as a function of photon energy, showing 

characteristic interband transitions at low energy and a dominant plasmon peak at higher energy. 

4. Conclusion 

This study presents a detailed DFT study on SrTiO3/PTCM (PTCM-labeled) heterojunctions, showing 

their potential as a result of good structural stability, electronic modulation, and improved optical properties 

suitable for modern energy applications. In an optimized heterostructure, Ti–N interaction takes place, 

resulting in strong orbital hybridization at the interface. In terms of electronic structure, the calculated bandgap 

(~1.85 eV) and proper type-II band alignment allow efficient charge separation due to the migration of 

electrons to SrTiO3 and hole confinement in PTCM. DOS and PDOS studies demonstrate strong Ti 3d-N/C 2p 

coupling, which improves the transfer of charges across the interface. In terms of optical properties, visible 

light absorption capacity, enhanced dielectric property, high optical conductivity, optimal refractive behavior, 

low reflectance, and controllable energy losses are some of the factors that make it applicable for use in 

photovoltaic cells, photoelectrochemical, and photo-catalytic water splitting processes. However, future 

research may employ better computational techniques, including HSE06, GW, and TD-DFT methods for 

predicting accurate values, and study defect and doping effects, strain engineering, and surface modification 

of these heterojunctions. 
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