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Abstract 

This work investigates the electronic and optical properties of aluminium phosphide nanosheets (AlPNs) by examining the 

impact of varying nitrogen (N) atom concentrations, as dopants, via Density Functional Theory (DFT) calculations with the 

CASTEP code. Analysis of the electronic properties, band structure and density of states (DOS) revealed that the pristine AlPNs 

exhibit a band gap of 2.35 eV. The band gap showed a significant reduction to 1.79 eV upon doping with two N atoms, correlating 

directly with increased impurity concentration. Furthermore, the optical properties, including the absorption spectrum, 

reflectivity, and dielectric function, were calculated for both pristine and doped systems. The results indicate that controlled N 

doping can selectively enhance the optical activity within specific spectral ranges. These findings suggest that doped AlP 

nanosheets are promising materials for advanced optoelectronic devices and nanosensor applications. 
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Introduction 

Nanoscience and nanotechnology are witnessing a new era of 

fundamental research at the nanoscale, where the cost-

effective fabrication of nano devices enables more robust 

scientific and engineering applications[1]. Recent advances in 

group III-V composite semiconductors have attracted 

considerable attention from the scientific community due to 

their promising potential in the electronics industry[2]. This 

impetus spurred a significant amount of theoretical and 

experimental research on group III-V semiconductor 

compounds, such as gallium phosphide (GaP), indium 

phosphide (InP), aluminum phosphide (AlP), and gallium 

arsenide (GaAs), etc. the Aluminum Phosphide (AlP) stands 

out as one of the most interesting materials due to its higher 

vibrational frequencies resulting from its low atomic mass[3], 

it’s a semiconductor with a wide band gap of approximately 

2.5 eV[3-7]. This bandgap enables its effective integration into 

various optoelectronic applications. Therefore, systematic 

computational studies form a pivotal stage that precedes and 

reinforces experimental characterization efforts for these 

nanostructures[8]. Observation of previous theoretical studies 

indicates that the zb-AlP nanocrystals, using the Ab initio 

restricted Hartree-Fock method coupled with the large unit 

cell method, determine that the cohesive energy and energy 

gap increase with the increasing size of the large unit cell for 

both core and surface parts[9-11]. 
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In this study, density functional theory (DFT) computations 

were employed to investigate the electronic and optical 

properties of pure Aluminum phosphide nanosheets[12]. To 

improve the material's performance and purposely vary its 

properties, the crystal structure was doped independently 

with nitrogen (Nn) where (n=1-3), doped and pure materials 

were carefully compared in terms of electronic properties, 

which include band gap width, as well as optical qualities, 

such as absorption coefficient. This research aims to offer 

essential insights into enhancing the functionality of AlP 

nanosheets and their modification for more efficient 

electronic and optical applications. 

Theoretical Methods 
All calculations in this work were performed using Density 

Functional Theory (DFT)[12], which is based on the plane-

wave pseudopotential technique in the Cambridge Sequential 

Total Energy Package (CASTEP) codes[13]. The interaction 

between the ionic cores and valence electrons was modeled 

using the Ultrasoft pseudopotential. In the computation of 

structural, mechanical, and optical properties, we used the 

generalized gradient approximation (GGA) of the Perdew-

Burke-Ernzerhof (PBE)[12]. It is acknowledged that the GGA-

PBE functional might not be sufficient for quantitative 

analysis of optical qualities, but the estimated findings are 

also valuable for qualitative research and reference. A 

vacuum region larger than 15 Å (specifically 17.69Å) was 

introduced perpendicular to the nanosheet to prevent spurious 

interactions between periodic images caused by the periodic 

boundary condition. The kinetic energy cutoff for plane-wave 

expansion is set to 340 eV. For geometry optimization, a 

5x5x1 k-point mesh was utilized, whereas a denser 9x9x1 

grid was employed for electronic and optical property 

calculations. in the optical response, the number of empty 

bands was set to 100% of the occupied bands to ensure a 

sufficient energy range for electronic transitions. A Gaussian 

smearing of 0.1 eV was employed to obtain a well-resolved 

optical spectrum. The Broyden-Fletcher-Goldfarb-Shanno 
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(BFGS) algorithm was used for geometry optimizations[9], 

and the convergence tolerance parameters were taken as 

follows: a maximum stress of 0.1 GPa, a maximum residual 

force of 0.05eV/Å, a maximum displacement of 0.002Å, 

energy change of 2.0e-5 eV/atom. The above equation was 

used to calculate the binding energy (EB) to evaluate the 

system's stability[14], as follows: 

𝐸𝐵 = [𝐸𝑡𝑜𝑡(𝑀𝑛𝐴𝑙𝑃) − (𝑛𝑃 ∗ 𝐸𝑃 + 𝑛𝐴𝑙 ∗ 𝐸𝐴𝑙 + 𝑛𝑖 ∗ 𝐸𝑀)]/𝑛 ... (1) 

Where EB is the binding energy per atom. Etot (MnAlP), EP 

and EAl are the total energies of the substitution doped AlP and 

single Al, P and dopant atom of all elements, respectively. ni 

is the number of ith species present in the configuration and n 

is the total number of atoms in a supercell (n=50). The 

isolated atom energies were obtained from spin–polarized 

DFT calculations performed in large cubic boxes (15Å x15Å 

x 15Å) using the Ultrasoft pseudopotential and cutoff energy 

340 eV to ensure minimal interactions between periodic 

images. While the vertical ionization potential (VIP) was 

calculated as the energy difference between the cationic and 

neutral Mn AlP complexes[15]. 

𝑉𝐼𝑃 = 𝐸(𝐶𝑎𝑡𝑖𝑜𝑛) − 𝐸(𝑛𝑒𝑢𝑡𝑟𝑎𝑙) ... (2) 

Where VIP is referred to as Vertical ionization potential, 

E(cation), the total energy to complex one electron, 

E(neutral), the total energy of neutral AlP nanosheet. To 

obtain the cationic system, one electron was removed from 

the neutral supercell and a homogenous background charge 

was automatically introduced by CASTEP to neutralize the 

periodic cell. The calculated VIP was referenced to the 

vacuum level, determined from the planar- averaged 

electrostatic potential in the middle of the 17.69 Å vacuum 

spacing[16], ensuring comparability with experimental 

measurements. 

Energy descriptors, including chemical potential (μ), 

chemical hardness (ƞ), absolute chemical softness (S) and 

electrophilicity index (ω), were computed using HOMO and 

LUMO values. The following equations show the descriptors 

that were calculated[17, 18]: 

𝜇 =  −(−𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂)/2 ... (3) 

𝜂 = (−𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂)/2 ... (4) 

𝑆 = 1/𝜂 ... (5) 

𝜔 = 𝜇2/2𝜂 ... (6) 

Results and Discussion 
Structural and Stability 

Optimize The Structure of N Doped AlP Nanosheets 

The crystal structures of the two-dimensional AlP nanosheet 

and N doped AlP after full relaxation are shown in Figure 1. 

The initial model was constructed in a buckled hexagonal 

configuration using a 5x5x1 supercell to represent the 

isolated monolayer. Upon performing full geometry 

optimization, the system underwent structural refinement, 

transitioning from the initial buckled state into a stable planar 

hexagonal geometry, with a finalized monolayer thickness of 

2.01Å. To ensure the accuracy of the electronic properties and 

eliminate any artificial interlayer coupling, a vacuum spacing 

of 17.69Å was maintained along the out-of-plane direction. 

Building on this stable hexagonal model, the AlP nanosheets 

structural response was assessed at different nitrogen (N) 

doping concentrations by methodically replacing the 

phosphorus (P) atoms in the nanosheet center. The hexagonal 

structure demonstrated exceptional integrity at a doping 

concentration of 2% (one N atom substitution), with an Al-N-

Al angle of 120.0459ᵒ and an Al-N bond length stabilizing at 

1.860 Å. The system successfully maintained its stable 

hexagonal form when the dopant density increased to 4% 

with two N atoms. This resulted in a slight contraction of the 

bond length to 1.8568Å. The observed instability is primarily 

due to a significant atomic size mismatch between the smaller 

N and larger phosphorus atoms, which causes localized 

compressive strain to accumulate within the supercells. While 

the hexagonal AlP lattice can withstand the strain caused by 

one or two dopants via bond relaxation, the third dopant 

exceeds the critical strain threshold, resulting in severe 

structural distortion and a lack of numerical convergence.  

 
Figure 1. (a-c): The Optimized structure for AlP nanosheet, 

N1Al25P24 and N2Al25P23. the gray, orange and blue spheres refer 

to Al, P, and the dopant N atoms, respectively. 

Furthermore, N high electronegativity causes excessive 

charge redistribution, which significantly increases the 
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formation energy and makes the triple-doped configuration 

thermodynamically unfavorable. 

Binding Energy of N doped AlP Nanosheets   

 The binding energy of the doped systems has been 

determined to assess their stability for the optimized 

structures using equation (1). A negative binding energy 

indicates the presence of a metastable or stable bound dopant 

within the system. The binding energy (EB) value for pristine 

AlP nanosheet has been determined to be -4.51 eV/atom in 

good agreement with the value of -4.01 eV/atom[9]. The 

electronic properties observed in substitute doped AlP 

nanosheet with the number, position and type of dopant atoms 

and found that N atoms give rise to stable structure. Table 1 

shows the binding energy values of the element doped AlP 

nanosheet composites. 

Table 1. Calculated Binding Energy (EB) for N doped AlP 

nanosheet. 

Dopant AlP EB 

N1Al25P24  - 4.56 eV/atom 

N2Al25P23 -4.61 eV/atom 

Electronic Properties 

Band structure, Density of Sate (DOS) of Pure and 

N Doped AlP Nanosheets 

To investigate the electronic band structures and DOS of 

pristine and doped AlPNs, as shown in Figure2. The results 

indicate that AlP has a direct bandgap, where the Valence 

Band Maximum (VBM) is dominated by the p -orbitals of the 

dopants, while the Conduction Band Minimum (CBM) shows 

significant hybridization between the Al-p and P-p states. 

Furthermore, doping it with N at varying concentrations was 

observed to cause a notable reduction in the Fermi level and 

progressive narrowing of the bandgap width. 

Bandgap, Vertical Ionization Potential of Pure and 

N- Doped AlP Nanosheets 

The impact of substitutional concentrations of 2% and 4% 

(one and two nitrogen atoms, respectively) of N doping on 

the electronic characteristics of AlP nanosheet was examined. 

The results reveal that the pristine material exhibits a direct 

bandgap of 2.35 eV. A gradual narrowing of the bandgap is 

observed with increasing doping concentration, reaching 1.82 

eV upon doping with a single N atom (2%), and further 

decreasing to 1.79 eV when doped with 2N atoms (4%), as 

shown in Table 2. To evaluate the chemical stability and 

electronic activity of the nanosheets more deeply, global 

reactivity descriptors derived from density functional theory 

(DFT) were analyzed. The results showed that the chemical 

hardness (ƞ) of the pristine compound was 1.177 eV, and it 

gradually decreased with increasing doping concentration, 

reaching 0.914 eV and 0.898 eV upon doping with (1N) and 

(2N), respectively. This decrease reflects the direct 

relationship between chemical hardness and bandgap. In 

contrast, the chemical softness (σ) values increased from 

0.849 eV-1 for the pristine compound to 1.094 eV-1 and 1.113 

eV-1 upon doping, clearly indicating an increase in the 

polarizability of the material and an enhancement of its 

chemical activity after the doping process. On the other hand, 

the electrophilicity index (ω) recorded a significant decrease 

from 0.782 eV for the pristine material to 0.290 eV at the 

highest doping concentration (2N). This sharp decrease 

indicates a reduction in the systems’ ability to attract or accept 

electrons, reflecting a substantial change in the electronic 

nature of the material after doping. These results collectively 

indicate a clear shift in the thermodynamic stability and 

electronic properties of AlP nanosheets due to the 

introduction of new donor levels within the bandgap, 

enhancing their responsiveness to external stimuli- a 

promising feature for photocatalysis and sensor applications. 

 
Figure 2. Band structure, DOS for AlP nanosheet, N1Al25P24 and 

N2Al25P23 respectively. 
 

Table 2. Calculated Vertical Ionization Potential (VIP), Band gap, 

Chemical hardness (η in eV), Electrophilicity index (ω in eV) and 

Softness (S in eV-1) for AlP, N1Al25P24, N2Al25P23. 

Configurations VIP (eV) Bandgap (eV) η (eV) ω (eV) S (eV-1) 

AlP   2.67 2.35 1.177 0.782 0.849 

N1Al25P24 2.62eV 1.82 0.914 0.312 1.094 

N2Al25P23 2.58eV 1.79 0.898 0.290 1.113 

Optical Properties of Pure and N-Doped AlP 

Nanosheets 

The optical properties of a material can be described using the 

dielectric function, which can be expressed by the following 

relation[19-21]: 

𝜀(𝜔) =  𝜀1(𝜔) + ⅈ𝜀2(𝜔) ... (7) 

The imaginary part of the dielectric function ε2(ω) is a crucial 

factor in the study of 2D materials, as it represents the 

electronic transitions between occupied and unoccupied 

states and contains a wealth of information about the 

materials band structure[21]. Furthermore, many different 

optical spectra can be calculated based on it, other optical 

constants such as dielectric function, optical conductivity, 

absorption, reflectivity and refractive index were calculated. 

The optical properties of AlP nanosheets are significantly 

modified upon N doping Absorption spectra Figure 3 reveal 

a distinct loe energy peak that red shift from ~1.8 eV for 
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single N atom doping to ~1.7 eV for double N atom doping.  

This red shift correlates with the calculated bandgap 

narrowing (from 2.35 eV to 1.79 eV), attributed to the 

introduction of in gap donor states. Concurrently, reflectivity 

exhibits notable broadening and shifts across the spectrum, 

resulting from doping induced lattice disorder and the 

redistribution of electronic states and optoelectronic 

applications. 

 
Figure 3. The Absorption and Reflectivity for AlP nanosheet, N1Al25P24, and N2Al25P23, respectively. 

 

The dielectric function is depicted in Figure 4 in relation to 

photon energy of the AlP nanosheet. In the real part (ε1), 

doping with N causes a change in the dielectric response 

when compared to the pristine case, especially at lower 

energy levels, suggesting that the doped systems have 

improved electronic polarizability.  The negative values of 

(ε1) observed in the low energy region for doped systems 

indicate a highly reflective state, characteristic of 

semiconductor materials near their plasma frequency. This 

behavior arises from the collective oscillations of free carriers 

introduced by N doping.  

 
Figure 4. The calculated real part (ε1) and imaginary part (ε2) of 

the dielectric function for AlP nanosheet, N1Al25P24, and 

N2Al25P23, respectively. 

The zero-crossing point of (ε1), which defines the screened 

plasma frequency, shifts slightly upon doping due to 

increased carrier concentration, consistent with the enhanced 

reflectivity discussed (Figure 5). Regarding the imaginary 

part (ε2), the results demonstrate a clear response for the 

doped configurations in the energy range 0f 1.5-3 eV, which 

represents optical absorption. New electronic transitions 

made possible by N-induced donor states within the bandgap 

are represented by these features along the energy axis. The 

distribution of the dielectric function confirms that doping the 

material with N improves its capacity to capture visible light. 

 
Figure 5. The calculated real part of the refractive index (n) and 

the extinction coefficient (k) for AlP nanosheet, N1Al25P24, and 

N2Al25P23, respectively. 
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gap states. This consistency between (n)and (k) confirms the 

successful modification of the material’s optical behavior 

within the visible spectrum through doping. 

To further evaluate the impact of the N- induced in gap states 

on charge carrier dynamics, the optical conductivity (σ) was 

investigated. As illustrated in Figure 6, the real part σ1 

exhibits significant conductivity peaks in the low energy 

region for the doped systems (N1, N2), whereas the pristine 

AlP nanosheet remains optically inactive in this range. This 

enhancement in optical conductivity aligns perfectly with the 

previously discussed extinction coefficient (k) and refractive 

index (n) results, confirming that N doping effectively 

triggers photo-induced electronic transitions within the 

visible spectrum. The increased conductivity for the double 

doped system (N2) suggests a higher efficiency in light 

harvesting and charge generation, making these nanosheets 

highly suitable for visible light driven optoelectronic devices. 

 
Figure 6. The calculated real part σ1 and imaginary part σ2 of the 
optical conductivity for AlP nanosheet, N1Al25P24, and N2Al25P23, 
respectively. 

Conclusion  
In summary, we systematically investigated the electronic 

and optical effects of N doping on monolayer AlP nanosheet 

using density functional theory (DFT)calculations. Binding 

energy calculations demonstrated that all studied conditions 

exhibited good thermal stability, indicating the potential for 

experimental fabrication of these doped nanosheets. The 

results revealed that the pure AlP possessed a band gap of 

2.35 eV, while N doping led to a sharp decrease in the band 

gap with increasing concentration, while maintaining the 

semiconductor nature. Also, it has been calculated the optical 

properties, N doping significantly shifted the absorption edge 

towards lower energies, approximately 1.8 eV, thus 

broadening the optical response to include a portion of the 

visible spectrum. Ultimately, the results indicate that AlP-

doped nanosheets hold promising potential for designing 

nano- optical devices with tunable properties.  
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