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Graphical/Tabular Abstract (Grafik Özet) 

In this study, the strain-dependent electronic properties of monolayer h-BP are studied by DFT 

method using GPAW. Applying strain to h-BP monolayer shows the tunable electronic band gap. 

/ Bu çalışmada, gerginliğe bağlı hekzagonal bor fosfat tek tabakanın elektronik özellikleri GPAW 

kullanılarak YFT yöntemiyle çalışılmıştır. h-BP’a uygulanan gerginlik ile ayarlanabilir 

elektronik bant aralığı elde edilmiştir. 

 

Figure A: Applying strain and electronic band structures of h-BP monolayer / Şekil A: Uygulanan 

gerginlik ve h-BP tek tabakanın elektronik bant yapıları.   

Highlights (Önemli noktalar)  

➢ The strain dependent electronic properties of h-BP monolayer have been investigated. / 

Gerginlik bağlı h-BP tek tabakanın elektronik özellikleri incelenmiştir. 

➢ GLLB-SC is more accurately calculated the electronic band structure of h-BP monolayer than 

PBE. / GLLB-SC h-BP tek tabakanın elektronik bant yapısının PBE’den daha doğru 

hesaplamaktadır. 

➢ h-BP monolayer has been shown a tunable band gap with strain. / h-BP gerginlik ile 

ayarlanabilir bant aralığı göstermiştir. 

Aim (Amaç): In this study, it is aimed to calculate the electronic band structure of h-BP using GPAW. 

Also it is aimed to calculate the strain-dependent electronic band structure of h-BP monolayer using 

GLLB-SC and PBE. / Bu çalışmada h-BP tek tabakanın elektronik bant yapısını GPAW kullanılarak 

hesaplanması amaçlanmıştır. Ayrıca gerginliğe bağlı olarak h-BP tek tabakanın elektronik özellikleri 

GLLB-SC ve PBE kullanılarak hesaplanması amaçlanmıştır. 

Originality (Özgünlük): The strain-dependent electronic properties of h-BP using GPAW have been 

investigated for the first time. / Gerginliğe bağlı h-BP tek tabakanın elektronik özellikleri GPAW 

kullanılarak ilk kez incelenmiştir. 

Results (Bulgular): The electronic properties of h-BP monolayer have been investigated. The found 

electronic band gap values have been compared with the literature’s results. It is found that GLLB-SC 

has more accurately calculated the electronic band structure than PBE. / h-BP tek tabakanın elektronik 

özellikleri incelenmiştir. GLLB-SC, h-BP’ın elektronik band yapısını PBE’den daha doğru hesapladığı 

bulunmuştur. 

Conclusion (Sonuç): This study shows the results of the electronic band structure of h-BP under strain 

using GPAW. As result of this study, applying strain to h-BP is to change the electronic band structure. 

/ Bu çalışma GPAW kullanılarak gerginlik altında h-BP’ın elektronik bant yapısının sonuçlarını 

göstermektedir. Bu çalışmanın sonucu olarak, h-BP tek tabakaya gerginlik uygulamak elektronik bant 

yapısını değiştirmektedir. 

https://orcid.org/0000-0003-3956-7277
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Abstract 

Two dimensional materials (2D) like Graphene have a big importance due to their unique 

electronic properties.   In numerical calculations, the electronic properties of 2D materials have 

been studied using ab inito methods. For this reason, in this study, the electronic properties of the 

hexagonal Boron Phosphide (h-BP) monolayer have been investigated by first-principles 

calculations. The electronic band structure of the h-BP monolayer has been calculated using 

GPAW with PBE and GLLB-SC exchange correlations (XCs). In this study, GLLB-SC has been 

used to investigate the electronic properties of h-BP for the first time. The energy band gaps of 

the h-BP monolayer are found to be 0.89 eV and 1.05 eV for PBE and GLLB-SC, respectively. 

It is shown that GLLB-SC in calculations as XC ensures a more accurate energy band gap than 

the PBE. As well as the electronic calculations of the unstrained h-BP monolayer, the strain 

calculations are performed between +5 and -5 %. The strain in the h-BP monolayer changed the 

energy band gap between 0.78 eV and 1.24 eV for GLLB-SC and between 0.66 eV and 1 eV for 

PBE. In this applied strain range the studied structure shows the direct band gap semiconductor 

behavior. Furthermore, strain-dependent tunable energy band gap has been obtained a  as result 

of the calculations. 

 

GLLB-SC ve PBE kullanılarak GPAW ile Hekzagonal Tek Tabakalı Bor 

Fosfatın Gerginliğe Bağlı Elektronik Özellikleri  

Makale Bilgisi 
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Öz 

Grafen benzeri iki boyutlu malzemeler (2B) eşsiz özellikleri sebebiyle büyük bir öneme sahiptir. 

Hesaplamalı çalışmalarda, 2B malzemlerin elektronik özellikleri ab inito metotları kullanılarak 

hesaplanmıştır. Bu sebeple, bu çalışmada, hekzagonal Bor Fosfat (h-BP) tek tabakanın elektronik 

özellikleri ilk prensipler ile hesaplanmıştır. H-BP tek tabakanın elektronik özellikeri GPAW ile 

PBE ve GLLB-SC değiş tokuş korelasyonları kulanılarak hesaplanmıştır. Bu çalışmada, h-BP tek 

tabakanın elektronik özelliklerini incelemek için ilk kez GLLB-SC kullanılmıştır. H-tek tabaka 

için yasak bant aralığı değerleri sırasıyla PBE ve GLLB-SC için 0.89 eV ve 1.05 eV olarak 

hesaplanmıştır. Değiş tokuş korelasyonu olarak GLLB-SC yönteminin, PBE’den daha doğru 

sonuç verdiği görülmektedir. Gerginlik olmadığı durumda h-BP tek tabakanın elektronik 

hesaplarının yanı sıra, +5% ve -5% aralığında gerginliğe sahip örgü için elektronik hesaplamalar 

gerçekleştirilmiştir. H-BP tek tabaka’daki gerginlik GLLB-SC yöntemi ile hesaplandığında yasak 

bant aralığını 0.78 eV ve 1.24 eV aralığında, PBE yöntemi için ise 0.66 eV ve 1 eV aralığında 

değiştirmiştir. Uygulanan gerginlik aralığında, h-BP direk geçişli yarıiletken davranışı 

sergilemiştir. Bunlara ek olarak hesaplamaların sonucunda h-BP’da gerginliğe bağlı olarak 

ayarlanabilir yasak bant aralığı elde edilmiştir. 

 

1. INTRODUCTION (GİRİŞ) 

Two-dimensional (2D) materials have been 

attracted over the past years. Since 2D materials 

have been studied electronic-based applications 

such as field effect transistors, high-frequency 

electronics, 2D flexible electronic applications 

etc.[1] Among these applications, some of these are 

Li/Na-ion batteries of graphene and sub-10 nm 

transistors of MoS2 [2]. These examples give a 

fingerprint about the importance of 2D because it is 

required a few layer thicknesses of 2D materials to 

build nanometer-scale devices. In flexible sensor 

applications, the flexible and ultrathin 

piezoelectrics properties of 2D layered materials 

like MoS2 are used [3]. Moreover, the lack of 

https://orcid.org/0000-0003-3956-7277
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inversion symmetry in InSe, GaS monolayers 

produces high large in-plane piezoelectric 

properties [4]. These above unique properties of 2D 

materials are still being studied. Transition-metal 

di-chalcogenides (TMDs), buckled and puckered 

2D materials such as silicene, germanene, 

phosphorene, etc. are recent 2D material groups [5-

8]. Similar to these materials, III-V group 

monolayers including hexagonal crystal systems are 

another planar important 2D materials [9]. Well-

known hexagonal boron nitride (h-BN) is one of the 

III-V monolayers that has a wide band gap energy 

of ~6 eV. Similar to the hexagonal honeycomb 

crystal structure of h-BN, hexagonal boron 

phosphide (h-BP monolayer) has attracted over the 

last years due to direct semiconductor behavior, 

energetically stability, small effective mass, and 

high carrier mobility [10-12].  

The energy band gap of the h-BP monolayer is 

nearly 0.8 eV for PBE in density functional theory 

(DFT) calculations [13]. Some studies calculated by 

different exchange-correlation (XC) energy 

functionals such as hybrid HSE06 and GW a show 

higher energy band gap than PBE results [14, 15]. 

In recent years, fast XC functionals such as meta-

GGA, modified Becke-Johnson (mBJ), etc. are used 

to reduce the computational expensiveness 

compared to hybrid HSE06 and GW [16]. Another 

importance of these types of XC functionals is lower 

absolute relative errors (15%-40%) than PBE (50%) 

[17]. However, this absolute relative error is 

strongly dependent on chosen materials type [18]. 

As well as HSE06 and GW, GLLB-SC XC 

functional purposed by Gritsenko, van Leeuwen, 

van Lenthe, and Baerends (GLLB) and for solids 

and correlation (SC) called as GLLB-SC are 

calculated similarly to HSE06’s results [19]. Also, 

GLLB-SC is implemented in GPAW code and used 

for DFT calculations [20]. GLLB-SC is known to 

give similar lower absolute relative error just as 

mBJ and meta-GGA. 

The electronic behavior of the h-BP monolayer 

could be tunable with the external electric field, 

strain in the lattice, doping, etc. [13, 21, 22]. Among 

these, the strain is usually used to control the 

bandgap for many 2D materials [23].  In PBE and 

HSE06 calculations of the h-BP monolayer showed 

that as long as from compressive (blue shift) to 

tensile (redshift) strain on the lattice is applied, the 

electronic band gap is increased [24]. However, 

these calculations are not yet investigated by 

GLLB-SC. Therefore, in this study, the strain-

dependent calculations between -5% and +5% of h-

BP monolayer have been investigated to determine 

electronic structure with PBE and GLLB-SC.  

2. MATERIALS AND METHODS (MATERYAL 

VE METOD) 

2.1. Computational Details (Hesaplama Detayları) 

 

First principle calculations have been performed 

using a grid-based projector–augment wave 

(GPAW) code [25]. To reduce the complexity in 

preparing input, gpaw-tools written by Lisesivdin 

et. al. are used [26]. The gpaw-tools are very useful 

at each step of the input preparation and result 

processing. Before the electronic structure 

calculations of h-BP, some optimizations have been 

made. For optimizations, the lattice as shown in 

figure 1 which has illustrated the configuration of 

the planar h-BP monolayer and also observed unit-

cell with a black line has been used. The k-points 

and cut-off values are used 9x9x1 and 450 eV both 

PBE and GLLB-SC functionals, respectively. 

GLLB-SC is not allowed geometry optimization; 

hence, both XCs have performed optimizations. The 

lattice optimization calculations were done for both 

PBE and GLLB-SC XCs. 

 

Figure 2 shows the energy dependence of the lattice 

parameters of h-BP. The calculated energy-

dependent lattice parameters for both are fitted and 

found to be 3.2074 Å for PBE and 3.2068 Å for 

GLLB-SC for minimum total energy values. Along 

the z-axis, c the parameter is kept as 20 Å to avoid 

interaction between planes. After optimizations of 

k-point, cut-off, and the lattice parameters of h-BP, 

the electronic band structure, density of states 

(DOS), and projected DOS (PDOS) of the h-BP 

monolayer have been calculated unstrained by both 

PBE and GLLB-SC. To investigate the effect of 

strain on the electronic results of h-BP, the strain 

values between -5% and +5% are applied with 

changing lattice parameters eq.(1). The electronic 

band structures and the energy band gaps are 

calculated depending on the strain in the lattice 

Using these unstrained lattice parameters of the h-

BP, the strained lattice parameters are calculated in 

the following equation; 

 

𝜀 = (𝑎 − 𝑎0)/𝑎0              (1) 

Where ε is the strain, a0  and a are unstrained and 

strained lattice parameters of the h-BP, respectively. 

Also, due to a=b of h-BP, the strain equation is only 

given for a parameter. However, in calculations, the 

biaxial strain is applied to both lattice parameters of 

h-BP. 
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Figure 1. In left side the atomic configuration of h-BP monolayer and in right side schematic Brillioun 

zone for h-BP which uses in planar hexagonal lattice the used brillioun path also shown with red arrows 

Γ-M-K- Γ.The used unit cell of h-BP is shown as black line. In atomic configuration of h-BP brown and 

gray spheres represent Phosphorus and Boron atoms, respectively (Sol tarafta h-BP’ın atomik konfigürasyonu, sağ 

tarafta düzlem hekzagonal örgüyü kullanan şematik Brillioun bölge ve kullanılan brillioun yol Γ-M-K- Γ kırmızı oklar ile 

gösterilmektedir. H-BP’ın atomik konfigürasyonunda kahve ve gri küreler sırasıyla fosfor ve Bor atomlarını temsil etmektedir) 

 
Figure 2. After lattice parameter optimizations, change of lattice parameter depends on total energy for 

PBE and GLLB-SC as XCs. Energy dependent lattice parameters have been found the optimized lattice 

parameters using fit plot both PBE and GLLB-SC functionalims (Örgü parametre optimizasyonundan sonra, PBE 

ve GLLB-SC değiş tokuş korelasyonları için toplam enerjiye bağlı olarak örgü parametresinin değişimi) 

3. RESULTS (BULGULAR) 

Figure 3 shows the electronic band structure and 

DOS result for unstrained the h-BP monolayer. The 

energy band gap values for PBE and GLLB-SC are 

calculated as 0.89 eV and 1.05 eV with a direct band 

gap at K point, respectively. In literature, the energy 

band gap of the h-BP monolayer for PBE is 

consistent with other studies [27]. The calculated 

energy band gap for GLLB-SC is slightly lower than 

HSE06 and GW results [28-30]. However, it gives 

a more accurate value than standard PBE 

calculations. It can be said that a more accurate 

energy band gap as a result of GLLB-SC is obtained 

with low computing cost according to PBE.  

Moreover, the contribution of the orbitals of Boron 

(B) and Phosphorus (P) is calculated by PDOS 

calculations and shown in figure 4. The valence 

band (VB) of h-BP is mostly formed by the p 
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orbitals of B and P atoms. The p orbital of P atoms 

has much more contribution than the B atom. 

However, the more contribution to the conduction 

band (CB)  came from the p orbitals of the B atom. 

Also, the s orbitals of both atoms have a low density 

for the VB and CB. For calculated bond lengths (dB-

P) between B and P atoms is given 1.8540 Å for PBE 

and 1.8516 Å for GLLB-SC, respectively. The bond 

lengths of h-BP are coherent with found values in 

the literature [28, 29].  

 

 

Figure 3. Electronic band structure and DOS of the h-BP monolayer using GLLB-SC and PBE as XCs 

(Değiş-tokuş korelasyonu olarak GLLB-SC ve PBE kullanılarak h-BP tek tabakanın elektronik band yapısı ve durum yoğunluğu) 

 

Figure 4. PDOS of the h-BP for a) PBE and b) GLLB-SC ( a) PBE ve b) GLLB-SC için h-BP’nin PDOS sonuçları) 

After the strain is applied to the h-BP monolayer, 

the bond length of h-BP for PBE and GLLB-SC are 

calculated to fit equations are given as 𝑑𝐵−𝑃
𝑃𝐵𝐸 =

1.8523 + 0.0185𝑥 for PBE and 𝑑𝐵−𝑃
𝐺𝐿𝐿𝐵−𝑆𝐶 =

1.8515 + 0.0185𝑥 for GLLB-SC also in here x 

represents strain. From the fit equations for both 
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XCs, as the strain is applied on the structure from 

compressive to tensile step by step, the bond lengths 

of h-BP are changed almost linearly.As strain is 

changed from -5% to 5%, the energy band gap 

values for PBE are changed from 0.667 eV to 1.005 

eV in figure 5a. As for energy band gap values of 

GLLB-SC, the energy band gaps are found at 0.784 

eV and 1.241 eV for -5% and 5% in figure 5b. Also, 

a fit is applied to the energy band gap result of PBE 

and GLLB-SC. The fit equations are found to be 

𝐸𝑔
𝑃𝐵𝐸 = 0.8821 + 0.0337𝑥 − 0.0019𝑥2 for PBE 

and 𝐸𝑔
𝐺𝐿𝐿𝐵−𝑆𝐶 = 1.0539 + 0.0456𝑥 − 0.0017𝑥2 

for GLLB-SC. All calculated energy band gaps 

show a blue shift for compressive strain and a red 

shift for tensile strain. The energy band gap 

changing (ΔE) for PBE and GLLB-SC is found to 

be 0.338 eV and 0.457 eV, respectively. It is shown 

that GLLB-SC to adjust the energy band gap with a 

larger range is given as better results. In literature, a 

study done by HSE06 is shown 0.456 eV for ΔE 

value the with same strain range in our study [30]. 

It is important that although obtained energy band 

gaps by GLLB-SC are slightly lower than HSE06, 

the capability of the tuning energy band gap for 

these XCs is almost the same. The strain-dependent 

electronic band structure for both PBE and GLLB-

SC show a direct transition-energy band gap at K for 

the strained and unstrained structure of h-BP. 

Strain could affect the energetical stability of the h-

BP monolayer, and the total energy values per atom 

calculated by PBE and GLLB-SC are by table 1. 

The unstrained h-BP monolayers show more 

stability for PBE and GLLB-SC. Applying strain to 

the h-BP monolayer lattice, h-BP has become an 

energetically unstable structure.  

A comparison of both this study and other studies in 

the literature on energy band gap changing is shown 

in figure 6. The applied strain values to the h-BP are 

between  ±5%. Our results for PBE are very 

consistent with other results in the literature [24, 33, 

34].

 

Figure 5.  CBM and VBM change depending on strain in the h-BP monolayer using a) PBE and b) 

GLLB-SC. The applied strain to h-BP is between -5% and 5% for PBE and GLLB-SC functionalims (h-BP 

tek tabakasında gerginliğe bağlı olarak CBM ve VBM değişimi a) PBE ve b) GLLB-SC. H-BP tek tabakasına uygulanan 

gerginlik PBE ve GLLB-SC fonksiyonelizmler için -5% ve 5% arasındadır) 
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Table 1. Summarized the structural and the electronic calculations, the effect of strain on the bond 

lengths and total energies of the h-BP monolayer. The results are shown both PBE and GLLB-SC 

functionalism. Both functionalism show that the structural stability according to total energies is 

decreased under strain ( yapısal ve elektronik hesaplamaların özeti, gerginliğin h-BP tek tabakanın bağ uzunluğu ve toplam 

enerjisine etkisi. Hem PBE hem de GLLB-SC sonuçları görülmektedir. Her iki fonksiyon gerginlik altında toplam enerjiye göre 

stabilite azalmaktadır.) 

Strain (%) dP-B (Å) with 

PBE 

dP-B (Å) with 

GLLB-SC 

Total energy (eV) 

per atom with PBE 

Total energy (eV) per 

atom with GLLB-SC 

-5 1.7592 1.7589 -5.9581 -6.2654 

-2.5 1.8056 1.8052 -6.0343 -6.3491 

0 1.8540 1.8515 -6.0591 -6.3785 

2.5 1.8981 1.8978 -6.0128 -6.3416 

5 1.9444 1.9441 -5.8876 -6.2230 

 

 

Figure 6. Change in energy band gap dependent on applied strain to h-BP and comparison other studies 

found in the literature (Literatürde bulunan diğer çalışmaların kıyaslaması ve gerginlik uygulanmış h-BP tek tabakasının 

yasak bant aralığındaki değişim)

In literature, energy band gaps of h-BP depending 

on ± 5% of the strain are changed from ~0.7 to ~1 

eV for PBE functionalism. As for GLLB-SC 

calculations, it is lower than a little bit HSE06 

results of other studies [24]. Furthermore, energy 

band gaps of h-BP in same strain values for HSE06 

given similar data to experimental results are found 

between ~1 and ~1.5 eV. Due to the lack of the 

experimental band gap for the h-BP monolayer, the 

exact band gap of the h-BP cannot be determined up 
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to now. However, according to our best knowledge, 

for many 2D materials, the calculated energy band 

gap results with GLLB-SC include comparable with 

HSE06 and GW results found in the literature [17, 

35]. Also, the investigated strain range of the h-BP, 

and the increasing trend in the energy band gap for 

PBE and GLLB-SC in this work are very similar to 

each.  

4. CONCLUSIONS (SONUÇLAR) 

The electronic structure of pristine monolayer h-BP 

is investigated by DFT using the GPAW code 

implemented in PBE and GLLB-SC as exchange-

correlation functionals. For the input parameter  

interpretation, and result data management, gpaw-

tools software is used. The energy band gaps of the 

monolayer are 0.89 eV and 1.05 eV for PBE and 

GLLB-SC, respectively. The GLLB-SC which has 

a low computational cost to HSE06 and GW shows 

a more accurate electronic structure than PBE for 

monolayer h-BP. To see the electronic structure 

behavior of the h-BP against applied strain, 

electronic band structures are calculated for both 

tensile and compressive strain regions. As the strain 

values apply to lattice from -5% to 5%, the 

calculated energy band gaps have gradually 

increased. The strained electronic band structures 

are found to be direct semiconductor properties 

between the investigated strain values. The obtained 

strain-dependent electronic and structural properties 

may be important for the possibility in flexible 

technology of h-BP monolayers. 
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