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A B S T R A C T   

Photosensitivity of semiconducting polymers can be enhanced by blending donor and acceptor polymers to 
optimize photoinduced charge separation. With a motivation to understand microscopic aspects of HfN2 and PVK 
relevant to optoelectronic properties of transition metal-dinitride/semiconductor interfaces, we examined their 
structural, electronic, optical and vibrational properties using first-principles calculations based on density 
functional theory (DFT) and density functional perturbation theory (DFPT) levels of theory. We computed a large 
direct energy gap of 3.751 eV for PVK and an indirect narrow band gap of 1.396 eV in HfN2. The gap value 
computed for the composite structure, HfN2/PVK, was 0.958 eV. The heterojunction displayed an indirect energy 
gap. The charge transfer between HfN2 and PVK results in a polarized field within the interface region, which will 
benefit the separation of photogenerated carriers. The calculated density of electronic states, Lowdin charge 
transfer and charge density difference certify that this proposed layered nanoheterojunction is an excellent light- 
harvesting semiconductor. These findings indicate that the conjugated polymer PVK is a promising candidate as a 
non-noble metal co-catalyst for HfN2 photocatalysis. It also provides useful information for understanding the 
observed enhanced photocatalytic mechanisms in experiments.   

1. Introduction 

It is well known through scientific researches and daily observations 
that CO2 concentration has increased in our environment. There is 
depletion of fossil fuel, there is global warming, etc. All the above are as 
a result of over exploitation of the natural environmental resources to 
meet energy demands. This calls for seeking new green alternatives 
urgently to meet man’s energy demands. As a means to curbing the 
energy menace, devices for harnessing solar energy into electric power 
has become even critical and seen as a necessary step in the right di
rection to combat global energy demands. Organic solid-state devices 
based on silicon as the sole source of power for a single junction device 
has been overrun by solar cell industries in the last few decades and it is 
still growing. 

It is known that Si-based devices are very expensive to manufacture 
because of high purity demand of crystalline semiconductors. Alterna
tively, efforts have been shifted towards low-cost solar cells 

development. Photovoltaic cells based on nanoparticle materials and 
conducting polymers are new generations of such devices. Optical band 
gap tunability, processability, flexibility and cheap fabrication features 
characterize these devices. Conducting polymers have very high optical 
absorption coefficients compared to silicon and are suitable for 
manufacturing very thin solar cells. 

Optoelectronic devices including organic photovoltaics, photode
tectors and light-emitting diodes [1,2] have their operational effi
ciencies heavily relying on charge transfer processes at organic 
interfaces. The suitability of donor–acceptor interface is a quantum 
boost for efficiency in organic solar cells. This is a driving force or 
benchmark for organic solar cell industries [3,4]. Organic solar cell 
power conversion efficiencies in the 19–23 % range are due to efficient 
separation of excitons formed in the semiconductor at the 
donor–acceptor junctions [5–22]. There still remains limiting factors 
such as optical absorption, exciton dynamics, charge carrier mobility 
and its collection at the electrodes which impedes efforts to maximize 
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performance. The various steps that have been taken to maximize effi
ciency includes thin planar multilayers or blends of polycrystalline or 
amorphous films to enlarge donor–acceptor contact area and to reduce 
the exciton path [23,24]. 

Heterojunction thin films derived from polymers including inorganic 
nanoparticles have become added advantages to organic materials for 
elevated mechanical pliancy, versatile functionality, modest and facile 
coating techniques. Unadulterated polymers having well defined HOMO 
and LUMO are engineered by prepending inorganic nanoparticles to 
realize novel-hybrid spectrum of absorption compatible with optoelec
tronic usages. The broad area of interface allying polymer-matrix/donor 
versus nanoparticle/acceptor energizes transfer of energy between car
riers of charges, excitons at interface of inorganic–organic nano
architectures [25,26]. Controlling morphology of active layer improves 
photovoltaic cell performance. 

Organic-inorganic interactions in hybrid structures of this type result 
in novel nanoarchitectures having prospective implementations in 
mechano-devices, optoelectronics, biosensors, CO2 conversion and uti
lizations in magnetic-fields. Examples of hybrid materials of these kinds 
are nanowire manufactured from polymers of carbon including gra
phene which is derived from polymer heterojunctions. Preparation 
technique selection is paramount to realizing appropriate properties of 
nanomaterials. To maximize photosensitivity of semiconducting 

polymers we need to blend donor and acceptor polymers in such a way 
as to optimize photoinduced charge separation. 

In the past few years, a great deal of research work has been done on 
poly N-vinyl carbazole (PVK). This is due to its chemical structure noted 
to be simple. PVK is known to be characterized with stable resistance 
nature, hole-transporting, large emission spectrum and long π-conjuga
tion. Potential areas in optoelectronics where PVK utilization is in high 
demand includes light emitting diodes, FETs, biosensors and optical- 
detectors. Both theoretical and experimental works revealed PVK as a 
potential candidate to be employed in photovoltaic industries [27–32]. 

Transition metal mononitrides have some kind of superior physical 
properties. Their hardness, mechanical strength, high melting points 
and electrical conductivity properties transform from that of a metallic 
conductor to a semiconductor. By virtue of the above properties, they 
have found use in technological applications for hardware-resistant 
coatings, diffusion barriers and optical coatings. They are also under 
scrutiny to understand their potentials for use in areas like thermo
electricity. In search for alternative clean energy employing thermo
electricity, researchers believe that nitrides can play some important 
role in thermoelectric devices at high operating temperatures where the 
refractory properties of the nitrides will be advantageous. In this paper, 
we adopt DFT and DFPT levels of theory to study the optical absorption 
spectrum, exciton diffusion and charge carrier dynamics of a novel 

Fig. 1. (a) HfN2, (b) PVK monomer, (c) HfN2/PVK heterostructure.  
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hybrid material HfN2/PVK nanoheterojunction. 

2. Computational details 

Calculations were performed using plane wave self-consistent field 
(PWSCF) implementation within the framework of density functional 
theory (DFT) employing the simple local density approximation (LDA), 
parameterized by Perdew and Zunger [33], and the generalized gradient 
approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) [34]. The 
Vanderbilt Ultrasoft Pseudopotentials scheme [35] was employed. The 
Kohn-Sham orbitals were expanded in a plane-wave basis set. Ultrasoft 
pseudopotentials represent the interaction between ionic cores and va
lance electrons. We adopted the supercell model for HfN2/PVK nano
architecture. The supercell was oriented along the z-axis and unit cell 
geometry with a vacuum space of 15 Å thick in both x- and y-directions 
were allowed to ensure negligible interactions between the supercell 
and its periodic images. Plane wave cut-off energy of 30 Ry was used to 
represent the electronic wave functions. Plane wave energy of 180 Ry 
was included for the description of charge density. Integration over the 
Brillouin zone is carried out using the Monkhorst–Pack scheme [36] 
with a 10 × 10 × 10 mesh of k-points. Occupation numbers were treated 
according to the Methfessel–Paxton [37] scheme with a broadening of 
0.003 Ry. Quantum Espresso, an electronic structure calculation code 
[38] was utilized in the determination of the electronic structure of 
HfN2/PVK interface. A minimum interlayer interaction distance, dmin 
~ 3.323 Å was kept between the HfN2 and PVK molecules throughout 
the computations. The calculated interlayer distance is comparable to 
graphite interlayer separations (ca. 3.35 Å). 

Time-dependent density functional perturbation theory (TDDFPT) 
was employed in the computations of optical absorption spectra of the 
modeled heterointerface. We performed a self-consistent-field ground- 
state calculation for the molecule at the equilibrium structure using the 
standard plane-wave program. In this case, the k-point sampling is 
restricted to Γ-point only. For the purposes of comparison, Turbo- 
Davidson and Liouville-Lanczos programs were utilized to compute 
optical absorption spectra of the modeled molecule. 

Lattice-dynamical calculations for phonon spectrum and density of 
states were performed within the framework of the self-consistent den
sity functional perturbation theory (DFPT) [39]. Plane wave cut-off 
energies of 30 and 650 Ry were used to describe wave functions and 
charge density, respectively. Such a high charge density cut-off is 
necessary to keep the errors in vibrational frequencies minimal. In order 
to understand the detailed features of the phonon spectra, force con
stants were obtained on a 4×4×4 q-point mesh. The dynamical matrices 
at arbitrary wave vectors were obtained using Fourier transform based 
interpolations. 

3. Discussions of results 

3.1. Unit cell of HfN2 and PVK structures 

HfN2 is a hexagonal structure with P-m2 symmetry and space group 
number 187 and forms six (6) trigonal prismatic structural geometry. 
The central Hf atoms are surrounded by six nearest N atoms and this 
extends to occupy all space. 

Transition metal dinitrides (TMDNs) have extensively been studied 
due to their excellent physical and mechanical properties. First 
principles-based calculations have also predicted the structural exis
tence and stability of TiN2 of these refractory compounds at high pres
sures when TiN and dense N2 gas was used as percussor and has since 
been confirmed by experimental studies. This breakthrough has attrac
ted a lot of researchers to TMDNs compounds research [40,41]. 

Thin film HfNx has been successfully synthesized through silicon 
technology (TSV) method with the bulk showing superior ductility [42]. 
Sun et al. have theoretically predicted the stability of HfN2 [43], the 
mechanical and electronic properties of the compound have similarly 

been carried out for device application using DFT [44–46]. The HfN2 
compounds have excellent valley polarization properties and good 
candidates for device applications especially in valleytronics and spin
tronics devices [47,48]. In the ultraviolet energy region of the electro
magnetic spectrum, HfN2 has high absorption coefficient and there 
exists the possibility that the material could be used in 
UV-photodetectors in this region. The measure of harvesting thermo
electric energy is determined by the thermoelectric figure of merit value. 
2D HfN2 having such a high value makes it a potential candidate for 
harnessing thermoelectric energy. Poly(9-vinylcarbazole) is usually 
characterized as conjugated polymer, temperature-resistant, photocon
ductive and hole transporting [49–54] (Fig. 1). 

Carbazole polymers consist of carbazole and pendant groups with the 
carbazole group as its backbone. A key member of the carbazole polymer 
is those with the conjugated group and the N-vinylcarbazole is the most 
important class of them [55–57]. The poly(N-vinylcarbazole) (PVK) 
polymer is of interest because of their excellent photoconductive prop
erties making them potentially suitable for applications in electropho
tography, organic photorefractive, polymeric light-emitting diodes and 
photovoltaic devices. 

The relatively high dielectric properties associated with this PVK 
found its earlier electronic uses in capacitors and other applications and 
as a consequence, its associated complex in transferring charge within 
trinitrofluorenone (TNF) was introduced commercially as electropho
tography [58]. 

One of the most widely known photoconductor is polymeric PVK 
material and is used in combination with TNF photocopiers. Neverthe
less, the use of PVK/TNF system has been found to have low photo
sensitivity. Again, it is also known that TNF films are highly toxic with 
poor mechanical strength indicating that, a much more superior mate
rials are required. 

There is inductive effective emanating from the nitrogen atom 
attached to the vinyl group which tend to lower the electron density 
distribution on the vinyl group. Consequently, electron lone-pair on 
nitrogen mesomeric effect tends to overcome vinyl-group inductive ef
fect leading to the formation of the conjugated π-electron system. 

3.2. Property structure 

We studied the geometry and structural stability of PVK interacting 
with HfN2 using nanoheterojunction supercell model for the calcula
tions. Series of geometrical orientations and stability of PVK polymer 
chain interacting with HfN2 monomer have been considered. The PVK 
polymer chain was oriented apace with the HfN2 monomer, the func
tional species either pointing to or inversely from the HfN2 monomer. 
The PVK chain was curved around the HfN2 monomer and flipped 180◦

about its center. The preferrable alignment of the PVK polymer chain 
was when its side groups pointed towards the HfN2 monomer. This 
pattern resulted in the lowest enthalpy of formation. This is energeti
cally stable and favorable so it was utilized in the study. A vacuum space 
of ~ 3.383 Å was maintained between HfN2 and PVK monomer 
throughout the study. Table 1 shows energy difference values, E0(eV), 
for PVK, HfN2 and HfN2/PVK. HfN2/PVK displays structural stability 
over PVK and HfN2. Computed bandgap energy values, optimized lattice 
parameters and structural values are depicted in Table 1. Eqs. (1) and (2) 
were adopted for the structural stability computations for the 

Table 1 
Computed results for bandgap Eg(eV), difference in energy E0(eV) for PVK, HfN2 
and HfN2/PVK (ca. [60]).   

a/Å b/Å c/Å Eg/eV E0/eV 

PVK  4.451  4.451 2.423  3.751  4.083 
HfN2  5.128  5.128 5.128  1.396  3.047 
HfN2/PVK  7.402  6.218 7.551  0.958  0.00 
HfN2/CrI3  6.930  6.930 –  0.810    
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heterojunction. We computed the adsorption energy, Ead, and recorded 
the outcome in Table 2. The relation (1) below, [59] was used in the 
calculations. 

Ead =
(
EPVK/HfN2 − EPVK − EHfN2

)
(1)  

Where EPVK/HfN2 , EPVK, EHfN2 are the HfN2/PVK composite’s total energy 
in its ground-state; the PVK total energy in the ground-state and HfN2 

total ground-state energy respectively. In the process of geometry opti
mization, the value of dispersion contribution to total energy at various 
stages is reported by the Quantum Espresso code. To obtain adsorption 
energy dispersion contributions, Eq. (1) was employed. We replaced the 
right-hand side terms with appropriate dispersion quantities for the 
converged geometry for each structure. For the surface adsorption to be 
thermodynamically feasible, the adsorption energy must be positive. 
This means that the greater the Ead value, the stronger the binding of the 
HfN2/PVK interface. Careful observation of Table 2 depicts how favor
ably it is for the HfN2 molecule to adsorb onto the PVK monomer sur
face. Our calculated adsorption energy value was found to be 2.236 eV. 
There is chemisorption between the carbazole unit and the HfN2 at the 
surface of the HfN2/PVK composite. The contributing factors are the 
presence the of nitride functional groups in the conjugated polymer- 
chain, the interactions between the π-electrons of the polymeric chain 
and the strong π-π interactions between the carbazole unit and the HfN2. 
The relation (2) below was used for formation energy computations. The 
calculated energy of formation, Epa, in HfN2 was found to be − 1.055 eV. 
The energy of formation in PVK was also computed, the value turned out 
to be − 5.263 eV. 

ΔE = ECHfN − NCEC − NHf EHf − NNEN (2)  

here, ECHfN is grand energy for the heterojunction. EC, is the carbon 
energy for the ground state, NC is number of carbon atoms. EHf , grand 
energy for ground state of Hf, NHf, number of hafnium atoms, EN, grand 

Table 2 
Optimized N-C– & N-Hf– bond-length (Å) of the Novel 
Nanoheterostructure.   

Bond-length (Å)  

N – N N – Hf 

Before  1.5145  2.2149 
After  1.3951  2.1021  

Table 3 
Adsorption energy, Ead, formation energy per atom, Epa, computed from re
lations 1 & 2.  

Structure Ead/eV Epa/eV 

PVK    − 5.263 
HfN2    − 1.055 
HfN2/PVK  2.236  − 7.933  

Fig. 2. Calculated band structures at high-symmetry k-points for (a) HfN2, (b) PVK and (c) HfN2/PVK.  
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energy for N and NN, nitrogen atoms count in the composite structure. 
Table 2 contains all the calculated formation energies per atom. All the 
calculated formation energies per atom are seen to be negative and 
large. This connotes the thermodynamic stability of the novel structure. 
Bond lengths computed before adsorption for N–N and N–Hf are 
1.5145 and 2.2149 Å respectively. After adsorption the values calcu
lated are 1.3951 and 2.1021 Å respectively. These are tabulated in 
Table 2. Comparison among energy of formation values in Table 3 re
veals that PVK and HfN2 structures have bigger values as compared to 
HfN2/PVK. The interpretation is that the modeled structure has greater 
stability and thermodynamically favorable. 

The modeled heterostructure can be easily obtained because it is 
energetically favorable and has stable configuration. The calculated 
binding energy between HfN2 and PVK was found to be 22.43 meV/2. 
This is comparable to van der Waals binding energy of 20 meV/Å2 

calculated in Refs. [61–63]. HfN2/PVK therefore can be reasonably 
taken as a van der Waals heterostructure. 

3.3. Electronic properties 

Fig. 2(a–c) show the underlying band diagrams of HfN2, PVK and 
HfN2/PVK respectively. The energy bandgap calculated for HfN2 was 
1.396 eV. This exhibited an indirect bandgap nature. In the case of PVK, 
the computed bandgap was 3.751 eV. This is a direct bandgap with both 
CBM and VBM situated at the Γ point. The gap value computed for the 

composite structure, HfN2/PVK, was 0.958 eV. The heterojunction dis
played an indirect energy gap. In this case, the CBM is situated at the 
Γ-point whilst the VBM is situated at an M-point, Fig. 2(c). For high 
efficiency energy conversion in solar cell and photovoltaic applications, 
the Γ-M indirect band-gap nature of the heterojunction commensurate 
any lattice dynamic mismatch. The indirect bandgap nature of the 
nanoheterointerface gives rise to enhancement of charge extraction and 
decline in charge recombination. It is expected that the blend will yield 
high carrier generation, low charge recombination and balanced charge 
transport based on the multi-length-scale morphology. 

3.3.1. Photovoltaic performance of HfN2/PVK interface 
In this bulk heterojunction OSC, HfN2 and PVK interfaces are stacked 

together to serve as active layers for efficient exciton diffusion and 
separation. The bulk heterojunction structure presents an enhanced 
donor-acceptor interface and reduces the diffusion distance for exciton 
separation, resulting in a significant improvement in device perfor
mance [64,65]. The blend of HfN2/PVK interface offers an enhanced 
donor-acceptor interface and efficient exciton separation mechanism 
and is thereby expected to yield improved photocurrent and device 
performance. 

The moieties of electron-rich and electron-deficient combinations 
leads to extended conjugation and decreased bandgap. This is what we 
have seen in Fig. 2(c). This will further increase the absorption of the 
active layers in the OSC. Donor material with a relatively low band gap 

Fig. 3. DOS: (a) HfN2, (b) PVK, (c) HfN2/PVK.  
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is needed for efficient OSCs operation. HfN2 as donor and PVK as 
acceptor enhance the absorption of the HfN2/PVK blend to cover the 
solar spectrum from visible light to other levels. Under this condition, 
the LUMO–LUMO and HOMO–HOMO energy offsets are sufficient to 
induce free carrier generation at the heterojunction. HfN2 affords a 
narrow bandgap of 1.396 eV and high absorption coefficient, thus the 
heterojunction is expected to facilitate improvement in conversion ef
ficiency of photovoltaic power. 

3.3.2. Electronic density of states analysis 
Figs. 3–6 are the graphical representations of DOS, PDOS, DOS-TDOS 

plotted on the same axis and TDOS for HfN2, PVK, HfN2/PVK respec
tively. With the aid of the above pictorial representations, the nature of 
interactions and origin of energy gaps in the novel structure were 
analyzed. Ef, depicts Fermi energy level as zero in the band diagram as 
well as for the DOS diagrams. For HfN2, it is seen that the DOS plot, 
Fig. 3(a), the PDOS plot, Fig. 4(a) and the valence band states are due to 
N 2p whilst the conduction band minimum is due to 4d-states of Hf 
atoms. 

For PVK, the DOS plot, Fig. 3(b), the PDOS) plot, Fig. 4(b) and the 
valence band states are due to contributions from the N p-states while 
the conduction band minimum are due to contributions from C p-states. 

For the HfN2/PVK interface, the DOS plot, Fig. 3(c), the PDOS plot, 
Fig. 4(c) and the valence states are contribution from Hf 4d-states, the 

bottom of the conduction band is contributed by N 2p-states. 

3.3.3. Photocatalysis 
Characterization analysis of the band states suggests that the con

duction band minimum and the valence band maximum are localized at 
separate monolayers in the HfN2/PVK nanoheterostructure. 

In the PVK monomer, the N p-states are responsible for the CBM 
whilst in the HfN2, the Hf d-states are responsible for the VBM. Next, we 
calculated the band-decomposed charge density for both the CBM and 
the VBM at the Γ point. This procedure enabled us to analyze the sig
nificance of the component layers in the photocatalytic splitting of water 
in HfN2/PVK heterointerface. From Fig. 4(c), the N-p orbitals dominate 
the LUMO and the HOMO is dominated by the Hf-d orbitals in the HfN2/ 
PVK heterointerface. PVK is the electron acceptor component in the 
HfN2/PVK heterointerface whilst HfN2 acts as the electron donor 
component. This means that the photoexcited electrons will migrate 
from the states localized in HfN2 to the states localized in PVK during 
photocatalytic processes. 

As such, production of hydrogen occurs within PVK component and 
oxygen production takes place in the HfN2 component. The illustrated 
process in solar energy driven HfN2/PVK splitting of water procedure is 
as demonstrated in Ref. [66]. As incident solar light is absorbed at the 
HfN2/PVK heterointerface, there will be migration of photogenerated 
electrons from the VBM to the CBM. Therefore, H2 and O2 species will be 

Fig. 4. PDOS: (a) HfN2, (b) PVK monomer, (c) HfN2/PVK.  
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liberated within PVK and HfN2 compartments separately in photo
catalytic water splitting. 

3.3.4. Charge transferred applying Lowdin technique 
Since the quantity of charge transferred comes with the calculational 

approach, we adopted the Lowdin Charge Transfer method. Under this 
method, the amount of charge transferred from PVK to HfN2 was 
determined from the charge density projection onto the atomic orbitals. 
The value of the charge transferred was obtained as the difference be
tween the Lowdin charges of the pure PVK and the HfN2/PVK. This 
enabled as to ascertain the donor-acceptor character of the adsorbate 
molecule. The charge transferred between PVK and HfN2 monomer in 
the HfN2/PVK heterojunction was 0.85 electrons. 

3.3.5. Density of charge distribution 
Fig. 7 shows the charge density response application to internal 

electric field of HfN2/PVK interface as obtained with Xcrysden software 
[67]. 

It is an established fact that polarization of surface charges directly 
influences atomic environment owning to the charge density 
distribution. 

We observed significant differences in surface charge density spread 
between pure aromatic carbon polymers of the benzene ring and the 
π-conjugate planes of PVK. This is seen in close vicinity of the nitrogen 
heteroatom. In addition, there is a strong anisotropic polarizability as a 

result of surface charge distribution leading to relatively large response 
due to the π-conjugate plane of the polymer. 

The partial density of states (PDOS) as shown in Fig. 3 indicates that 
Hf-4d and N-p states contributed mainly to the total density of state. 

Similarly, in Fig. 7, the density of states distribution plots around Hf 
and N atoms show high concentration of charge density distribution. 
This is related to their comparable electronegativity values resulting in 
pulling of more electrons towards the atoms themselves for effective 
bonding. 

3.3.6. Charge density difference 
We have applied CDD methods to analyze the nature of the HfN2/ 

PVK interface. Charge Density Difference (CDD) is an essential analysis 
method. 

The procedure measures differences within charge density among 
systems of interest, reference materials and the results are often plotted 
as charge redistribution. This redistribution shows the chemical bonds of 
the atomic species as depicted with areas of high concentration of re
sidual charges. Our charge redistribution results showed that the in
teractions among hafnium atoms in the monomer and in the polymer 
points to the relevant phenomena to understand bonds between the two 
surfaces. The driving force behind the adhesion action is the degree of 
charge transfer between hafnium structure and the PVK monomer. This 
observation corroborates Lowdin charge transfer analysis. According to 
the CDD analyses in Fig. 8, the hafnium atoms of the monomer molecule 

Fig. 5. DOS, TDOS combined: (a) HfN2, (b) PVK monomer, (c) HfN2/PVK.  
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gain electrons and become negatively charged while the atoms of the 
PVK molecule donate electrons and become positively charged. 

3.3.7. Optical properties 
Fig. 9(a–c) display optical spectral absorptions computed within 

pristine HfN2, pristine PVK and HfN2/PVK nanoheterojunction. Fig. 9(a) 

Fig. 6. Total DOS: (a) HfN2, (b) PVK monomer, (c) HfN2/PVK.  

Fig. 7. Isolines-isosurfaces of HfN2/PVK nanoarchitecture obtained from self- 
consistent field calculations. The color spectrum indicates maximum at purple 
side and decreases to pink as minimum charge density distribution. 

Fig. 8. Charge density difference (CDD) plot of HfN2/PVK nanoheterojunction. 
The charge density difference shows the electron transfer between PVK and 
HfN2 molecules. Yellow and cyan colors represent respectively positive and 
negative electronic charge densities. 
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depicts spectral absorption in HfN2 excluding the PVK. Fig. 9(b) shows 
spectral absorption in PVK alone without the HfN2. Fig. 9(c) portrays 
computed spectral absorption in the nanoheterojunction upon addition 
of PVK to HfN2. 0.84, 0.85, 0.89, 0.91, 0.93 Ry are five intensity peaks 

observed in Fig. 9(a) with 0.84 Ry being the most pronounced. Intensity 
peaks manifested at 0.41, 0.43, 0.49, 0.51, 0.54 Ry in Fig. 9(b). 0.41 Ry 
being the most pronounced peak. It is evident from Fig. 9(c) that the 
addition of PVK to HfN2 has caused quenching and shifting of the in
tensity peaks originally found in the pristine PVK and HfN2 spectra. In 
Fig. 9(c), 0.64, 0.67, 0.71, 0.73, 0.76 Ry are the newly formed peaks. 
0.67 Ry was observed as the most intensity peak. The appearance of new 
peaks at different positions in the complex portrays processes of charge 
transfer taking place between PVK and HfN2 structures. 

3.3.8. Phonon dispersion analysis 
The dispersion relations of the phonon calculations of HfN2/PVK 

nanoheterojunction interface in the Irreducible BZ is shown in Fig. 10. 
The dynamical matrices were computed along the high symmetry points 
Γ − N − M − L – Γ. The dynamical matrices at the BZ were obtained 
using the Fourier interpolation scheme. We observed energy gap be
tween the low-frequency and the high-frequency phonons which could 
be attributed to stretching originating from the symmetric and anti
symmetric stretching modes in the supercell. The soft modes are positive 
indicating that the interfacial structure of the heterostructure is stable 
and consistent with earlier experimental results of Baibarac and co
workers [68]. 

The figure further shows that the highest phonon branches are 
clearly separated from the lower branches without any degeneracy. 
Strong dispersive relation exists between the highest and the lowest 

Fig. 9. Spectral optical absorption of (a) HfN2, (b) PVK monomer and (c) HfN2/PVK nanoheterojunction respectively.  

Fig. 10. Calculated phonon dispersion curves of HfN2/PVK nano
heterojunction. A band-gap appearing in the phonon-spectra of HfN2/PVK 
nanoheterojunction is evident. 
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branches. The transverse acoustic (TA) vibrations belong to the low- 
frequency modes whilst those of the longitudinal acoustic (LA) vibra
tions belong to the high-frequency modes and all the collective modes of 
vibrations originate from the C-atoms. Similarly, optical modes with 
higher frequencies are associated with the N-atoms lattice vibrations. 

We observed again that, the HfN2/PVK phonon dispersion has its 
longitudinal optical (LO) and transverse optical (TO) modes splitting up 
at the Γ-point as a consequence of the long-range diploe order interac
tion usually associated with semiconductor and insulator polar mate
rials. Notwithstanding, the relatively large atomic mass difference 
between Hf and N atoms creates gaps which is revealed in the region 
between the dominant acoustic and optical branches modes respectively 
because of the relative displacements between the atoms accordingly. 
The calculated dispersion for HfN2/PVK is in good agreement with 
experimental observations [69]. Nevertheless, our calculated phonon 
dispersion compares quite well with calculations of Isaev and colleagues 
[70] and Heid’s group [71]. 

4. Conclusions 

In conclusion, we have presented a comparative first principles 
theoretical analysis of structural, electronic, optical and vibrational 
properties of HfN2 and PVK, with a motivation to assess their potential 
for optoelectronic applications. While HfN2 is a transition metal dini
tride with a small indirect electronic band gap, PVK is a conjugated 
polymer exhibiting a large indirect band gap. HfN2/PVK nano
heterointerface has a narrow indirect energy gap. The HfN2/PVK 
nanoheterojunction exhibits very good optical absorption characteris
tics in the visible-light wavelengths where HfN2 and PVK act as electron 
donor and electron acceptor respectively. This character will facilitate 
the efficient separation and transportation of the photogenerated 
charges and thus increase the efficiency of the photocatalytic processes. 
Combining the effective migration and separation of carriers, the new 
heterointerface has a great possibility to be used as a photocatalyst for 
overall water splitting. Our study highlights the applications of hetero
interfaces as photocatalysts and provides useful guidance to further 
expand the practical application range of hybrid materials. 
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