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We investigate the structural and electronic properties of synergeticly modified blue phosphorene 

(BP). The inversion and three-fold rotational symmetries of BP are broken. The co-doping of group IV 

and VI impurities can turn monolayer BP into direct band gap semiconductors. The underlying 

physical mechanism is that group IV and VI impurities tailor the valence band maximum and 

conduction band minimum respectively and move them to Γ. All the band gaps of monolayer, 

nanoribbons and quantum dots of BP can be modulated in a wide range, and the strong band Gap 

bowing is found. In addition the Coulomb interactions between the screened impurities are revealed. 

Lower formation energies indicate the fabricating practicability of synergeticly modified BP. Spin-

orbit coupling (SOC) can also be tuned by the introduction of impurities.  

1. Introduction 

Blue phosphorene (BP), which was theoretically predicted to be an indirect band gap 

semiconductor with the stability comparable to black phosphorene[1], has been recently synthesized 

in the experiments.[2] BP has the layered hexagonal honeycomb structure and each monolayer is 

composed of two atomic layers. It can be easily exfoliated from the bulk due to the weak interlayer 

van der Waals interactions. The structure of BP is mixed of sp2 and sp3 character similar to that of 

silicene.[3] Compared to black phosphorene, the BP has a smaller unit cell and intralayer buckling. 

The band gap of BP is around 0.9 eV larger than that of black phosphorene. The mono-elemental 

characteristic can guarantee the low defect concentration and simple device fabrication process. 

However, the indirect band gap characteristic will hinder the applications of BP in optoelectronic and 

electronic devices.  

There is little report on experimentally modulating electronic structures of BP although several 

techniques have been used to modulate the electronic structures of the two-dimensional allotrope 

of BP, black phosphorene. Uniaxial and biaxial strain and vertical deformation are used to tune the 

electronic structures of black phosphorene, and the semiconductor to metal transition was 

observed.[4] Noble-metal elements and alkali-metal elements such as Cu, Au, Pt, K and Na were used 

to dope black phosphorene. The structure stacking transition from AB to AC transition, n-type 

doping on phosphorene, and anisotropic Dirac semimetal properties were realized by the metal 

surface doping or incorporation.[5] Doping and annoying are the generic method for the band gap 
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engineering of traditional and 2D semiconductors.[6,7] Group-IV direct band gap ternary alloy was 

realized.[7d] Through the heavy impurities doping, the spin-orbit-coupling (SOC) in semiconductors 

can be engineered and even the giant SOC bowing was realized.[7e] Here we use first-principles 

method to study the band structure engineering of BP by synergetic modification. The codoping of 

group IV and VI impurities can turn BP into direct band gap semiconductors. Recently, two-

dimensional IV-VI binary semiconductors have also been synthesized in the experiments. [8]  

2. Computational Methods 

Theoretical calculations were performed within the Quantum Espresso package.[9] The Perdew-

Burke-Ernzerh (PBE) type of generalized gradient approximation exchange correlation functional was 

used.[10] 500 eV was used as the plane-wave basis set cutoff. The energy convergence criterion for 

the electronic wave function was set to be 10−6 eV. The geometry optimization was considered to be 

converged when the residual force on each atom was smaller than 1×10-3 eV/Å. A 20 Å thick vacuum 

layer normal to the plane was used to eliminate longitudinal interactions between the super cells. 

The BP 8×8 supercell was used for the calculations. The 6×6×1 Monkhorst-Pack k-point mesh was 

used for the sampling of the Brillouin zone.  

3. Results and Discussion 

3.1 Synergetic Codoping Effects of Group IV-VI Impurity Pairs on BP  

Impurities can break the symmetry of the hexagonal BP and inject excess carriers. The band 

structure can be modulated. Group IV impurity doping will result in p-type blue phosphorene 

whereas Group IV impurity doping results in n-type blue phosphorene. Recently, the substitutional 

doping of graphene with Ge was realized through ion implantation.[11]  

If the blue phosphorene is codoped by both donors and acceptors, the carriers will annihilate each 

other. The Ge-Se and Sn-S impurity pairs doping effects on blue phosphorene was investigated. Ten 

configurations were considered as shown in Figure 1a. The group IV atom is fixed in “0” site and 

group VI atom can occupy the “1~11” sites. These 11 configurations correspond to 11 different 

impurity distances. The configuration dependent total energies are shown in Figure 1b. As the 

distance between group IV and VI atoms increases, the total energy increases. The group IV and VI 

atoms are charged due to the electronegativity difference between impurities and P atoms. The 

electronic interactions between the impurities follow the Coulomb’s law as shown by the good fit of 

1/r potential energy in Figure 1b. The S and Se atoms attain respectively 0.41 and 0.35 e from the 



 

  

 

This article is protected by copyright. All rights reserved. 

4 

 

Bader charge analysis while Sn and Ge atoms lose respectively 2.18 and 2.09 e. The group IV-VI 

nearest-neighboring impurity pair is the most stable configuration, named configuration 1. For single 

layer 2D materials, the electric screen effects are weak, and the potential from the substituted 

impurities is the Coulomb electrostatic type. The calculated band structure for Ge-Se impurity pair 

doped BP is shown in Figure  1c that becomes a direct band gap semiconductor. Similar result was 

found for Sn-S doped BP (See Figure  S1 of Supporting Information). The IV-VI dopant pairs create 

shallow impurity bands which strongly modify the electronic structures near the Fermi level. Both 

the valence band maximum (VBM) and conduction band minimum (CBM) move to Γ point. 

Meanwhile the band gaps of Ge-Se and Sn-S impurity pairs doped blue phosphorene are reduced to 

1.58 and 1.51 eV respectively. Compared to the pristine blue phosphorene's value (1.89 eV), the 

band gaps are reduced by 0.31 and 0.38 eV respectively. The electronic affinity and work function 

() has also been modified by the IV-VI impurity pairs doping. The  of pristine BP monolayer is 5.73 

eV and it is reduced by 0.27 and 0.34 eV for the Ge-Se and Sn-S impurity pairs respectively. The is 

defined by  

= Evac-EF                                         (1) 

where Evac and EF  are respectively the vacuum energy and the Fermi level.[12] For strongly 

compensated semiconductor, the Fermi level can be expressed as

1
2 3

1

3(1 )

D
F

Ce N
E

K






, where C is a 

constant and is the dielectric constant and /D AK N N . [13]  

 

 

 

 

 

 

 

 

 



 

  

 

This article is protected by copyright. All rights reserved. 

5 

 

(a)                                                             (b) 

    

(c)                                                                  (d) 

  

Figure 1. Structural and electronic properties of group IV-VI impurity pairs codoped BP. (a) Schematic 

diagram of eleven configurations of group IV-VI impurity pair codoped BP (group VI impurities are fixed at 

site 0 whereas group IV impurities vary from sites 1 to 11); (b) Relative total energies of doped BP versus 

the separation of impurity pairs (solid lines are fitted curves); band structures of (c) Sn-S and (d) Ge-Se 

impurity pair substitutionally codoped BP.  

 

The group IV and VI impurity contributes shallow impurity bands at the band edges. The group IV 

atoms interact very strongly with the host P atoms. The strong interaction widens the valence band 

by pushing the VBM to the forbidden gap that, in turn, reduces the band gap. To analyze the orbital 
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composition of the bands close to the gap, we project the electronic states onto the atomic orbital 

wave functions. The decomposition of Bloch wave functions to atoms yields |ΨVBM(Γ)>= 0.51|Ge-

>+0.86|P> at the Γ point. The Pz orbitals contribute the largest but not the sole contribution to VBM, 

which reflects the mixed sp2 and sp3 hybridization feature of BP. The relevant bands represent a 

mixture of all the orbitals, with the exception of |pGe,y> having zero contribution at Γ. Since the VBM 

has the strong orbital contribution from Ge orbitals, it was raised up obviously and yielded the 

reduction of work functions. To understand the strong transfer of the CBM, the decomposition to 

atms yields |ΨCBM(Γ)>= 0.38 |Se>+0.92|P> at the Γ point. Although the pz orbital has the largest 

contribution in both cases, the role of the other orbitals in the formation of CBM can't be considered 

as negligible. Based on the analysis of work function and band gap, the VBM and CBM are pushed up 

0.27 and down 0.04 eV respectively for GeSe impurity pair doped BP. Similarly, the VBM and CBM 

are pushed up 0.34 and down 0.04 eV respectively for SnS impurity pair doped BP. Thus Sn atom has 

the stronger effects in pushing up the VBM due to its stronger metallicity compared to Ge.  

The configuration-dependent band gaps are shown in Figure 1d. The general trend is that the 

larger the distance between the group IV and VI impurities is the smaller the band gap will be. The 

band gap fit well with Eg=σ/r+E0. The σ and E0 are 2.39 eVÅ and 0.58 eV respectively for Ge-Se doped 

BP and the relative standard relative deviations (RSDs) are 9.39 and 8.41 percents respectively. For 

Sn-S doped BP, the σ and E0 are1.95 eVÅ and 0.71eV with the RSDs of 10.03 and 6.71 percents 

respectively. Both the formation energy and band gap are in the approximate Coulomb’s law on the 

separation of group IV and VI impurities. The interactions between the charged impurities can be 

described by 2 2/ 4Ze r . For both the formation energy and band gap curves, configuration 5 

distinctly deviates the Coulomb’s law. The band gap engineering through Coulomb interaction is 

realized in MoS2.
[14] Both the band gaps of Armchair and zigzag phosphorene nanoribbons can be 

reduced by the GeSe doping (See Figure S2 of Supporting Information). 

3.2. Concentration-Dependent Doping Effects of Group IV-VI Impurity Pairs on BP 

  To further enhance the modification of the electronic structures, we increase the impurity 

concentration. MnXn (M=Ge, Sn; X= S, Se) clusters are used to dope the BP. The formation energies 

are calculated to study the stabilities of the modified BP. The formation energy is defined as follows 

( ) ( ) ( )f tot tot i i

i

H M E M E clean n              (2) 
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where Etot(M) is the total energy of the chemically modified BP and Etot(clean) is the total energy of 

the clean BP. µi denotes the chemical potential for species i (host atoms or dopants) of the crystalline 

bulks, and ni the corresponding number that have been added to or removed from the supercell. As 

the size of the MnXn clusters increases, the formation energy decreases as shown in Figure 2a. Based 

on the analysis of the differential of [ ( )] /fd H M dn , the values of M5X5 , M8X8, M12X12 and M27X27 

are the local minimums, due to the closed-shell hexagonal edges. Interestingly, similar magic 

hexagonal cluster C24 plays important role in graphene growth on metal substrate.[14] From the view 

point of the 2D crystal nucleation and growth, the formation energies of MX clusters can be 

attributed to two factors: the edge formation energy and chemical potential variation due to the 

new phase formations. Accordingly, the formation energies can be expressed as:  

fH l n   
                

                  (3) 

Where l is the length of the edge of MnXn clusters; n is the number of M-X impurity pairs. In fact, the 

embedded clusters may endure the residual strain which will increase the formation energy. 

Neverthless, this simplified model can be used to understand the initial nucleating and growth of the 

embedded clusters.  Fit our results by Eq. (3), we have γ=0.67 eV/nm and ε=-0.41 eV for embedded 

GenSen clusters and γ=0.76 eV/nm and ε=-0.77 eV for embedded SnnSn clusters. Thus the larger edge 

length of the embedded clusters will result in larger formation energy and the lower stability. 

  As shown in Figure 2b, the nonlinear impurity pair concentration dependence of band gap is found 

and the general trend is that the larger the impurity concentration is the smaller the band gap will 

be. The doped BP can be denoted as P1-χMχ/2Xχ/2. The band gap reduction effects of BP on the doping 

by IV-VI clusters can be described by the modified Vegard’s model based on virtual crystal 

approximation[7,16] as following equation. 

(1 ) (1 )g BP MXE E E b             (4) 

Where χ is the concentration of the impurity; EBP and EMX are the band gaps of BP and 2D MX 

respectively; b is the band gap bowing parameter. The band gaps are 2.69 and 2.37 eV for 2D 

hexagonal SnS and GeSe respectively. The fitted bowing parameter b is around 3.69 and 4.68 eV for 

GeSe and SnS respecively. Strictly speaking the bowing parameter is concentration-dependent and it 

can be solved by Eq. (4). These large bowing parameters can be attributed to the structural 

relaxation effects and strong orbital hybridization between IV-VI impurity pairs and BP. IV-VI clusters 
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are of the impurities for the shallow levels that contribute importantly to the DOS at both VBM and 

CBM.  

(a)                                                      (b)   

 

 

Figure 2. Formation energies and band gaps of MnXn clusters doped BP. (a) Formation energies versus the 

sizes of the doped MnXn clusters. (b) Band gap versus the impurity concentration χ, which is defined as χ = 

n/64.  

 

  Other MX doped BP effects are investigated. The optimized structures of hexagonal M12X12 and 

M27X27 clusters modified BP by GeSe and SiS are shown in Figs. 3a~3d. SiS, have a tiny lattice 

mismatch (0.6 percent) with BP since Si and S are the nearest-neighboring elements of P. Thus there 

is weak strain in BP induced by SiS doping. The structural distortion induced by SiS is weaker than 

that induced by GeSe. The inversion and three-fold rotational symmetries of BP are broken. With the 

MX doping, the band gap of BP is remarkably reduced. The band gaps for Si12S12 and Ge12Se12 

modified BP are respectively 1.56 and 1.57 eV as shown in Figs. 3e and 3f. As the doping 

concentration is increased, the band gaps are further reduced to 1.20 and 1.05 eV respectively for 

Si27S27 and Ge27Se27 modified BP as shown in Figs. 3g and 3h respectively.  

To study different IV-VI impurity pair doping effects, a series of MX clusters are explored. Two 

typical doping configurations are considered: hexagonal M3X3 doped BP 5×5 cells and hexagonal 

M27X27 doped BP 8×8 cells. The corresponding impurity concentrations are 12 and 42 percents 

respectively. The impurity pair doping dependent band gaps are shown in Figure 3i. GeS and PbTe 

have respectively weakest and strongest doping effects on the band gap of BP. Though GeS is an 

exception, the general doping trend is that the heavier the impurity pair is the stronger the tuning 
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effects will be. This can be attributed to that the metallicity of the atoms in the same group is 

enhanced as the number of rows is increased. The metallicity of Si, Sn and Pb is stronger than P. The 

electronegativity of S is stronger than P, wheras the electronegativity of Te is weaker than P. Se is 

the nearest-neighboring diagonal element of P. Through the stronger metallic impurities doping, the 

delocalization of BP is increased. Hence the band gap can be reduced. The doping via PbTe clusers 

even induces the semiconductor to metal transition of BP. 

 

(a)                            (b)                             (c)                             (d) 

    

(e)                              (f)                             (g)                             (h) 

 

                                               (i) 

 

Figure 3. Optimized structures and electronic properties of hexagonal MnXn clusters doped BP. Structures 

of (a) Si12S12, (b) Ge12Se12, (c) Si27S27 and (d) Ge27Se27 doped BP. Band structures of (e) i12S12, (f) Ge12Se12, 



 

  

 

This article is protected by copyright. All rights reserved. 

10 

 

(g) Si27S27 and (h) Ge27Se27 doped BP. (i) Impurity dependent band gaps at two fixed impurity 

concentrations. 

3.3 Configuration-Dependent Electronic Properties of Doped BP 

To clarify the correlations between structures and the electronic properties, a series of 

configurations of Ge12Se12 clusters doped 8×8 BP are considered. The structures can be expressed as 

P1-χGeχ/2Seχ/2 with the χ of 0.188. Six calculated representative configurations are shown in Figure 4. 

From the view point of thermodynamics, the alloyed structures are not stable compared to the 

clustering configuration due to higher formation energy. Phase separation is a common 

phenomenon in the semiconductor doping. Nevertheless their electronic structures need to be 

revealed to fully understand the band gap modulation mechanism. The real doped BP structures can 

be controlled by the kinetic methods such as above eutectic melting temperature, suitable 

stoicheiometry, pressure, ultrasonics, charges etc in the experiments. For Figure 4a and 4b, the 

impurities are in the formula of close-shelled hexamer configurations. The band gaps are 1.47 and 

1.50 eV respectively. These values don't differ obviously with that of clustering configuration as 

shown in Figure 3b (1.57 eV). In Figure 4a, the Ge3Se3 hexamer is uniformly distributed and it is 

randomly distributed in Figure 4b. Calculated GeSe dimmer configurations are shown in Figs. 4c and 

4d. The corresponding band gaps are 0.63 and 0.96 eV respectively. Thus configurations have strong 

influence on the electronic properties. If the impurity clusters are uniformly distributed, the band 

gaps can be remarkably reduced. Furthermore, the alloyed BP with Ge12Se12 impurities is studied as 

shown in Figure. 4e and 4f. The corresponding band gaps are 0 and 0.53 eV respectively. Thus the 

band gaps of BP can be easier controlled through the alloyed doping formula. Doped BP with the 

alloyed structures undergoes the semiconductor to metal transition. The band structures for 

configurations 4a, 4c and 4e are shown in Figure 4g, 4h and 4i respectively and they exhibit the 

direct band gap characteristics. Due to the presence of time-reversal symmetry, the Rashba-like 

spin-split can't be realized at Γ point. However the 7 meV spin-split is realized at K point in the 

vicinity of 0.2eV above Femi level as shown in Figure 4i. For the six configurations listed in Figure 4, 

SOC is found to reduce the band gaps in the range of 4~11 meV by comparing the band structures w/ 

and w/o considering SOC effects.  
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(a)                   (b)                   (c)                   (d)                    (e)                  (f) 

      

(g)                                (h)                               (i)                                 (j)               

           

Figure 4. Optimized Structures and configuration-dependent electronic properties of Ge12Se12 doped 8×8 

BP. (a) and (b) Ge3Se3 hexamer configurations; (c) and (d) GeSe dimmer configurations; (e) and (f) alloy 

configurations. (g) Band structures of configuration a. (h) Band structures of configuration c. (i) Band 

structures of configuration e. (i) Averaged charge dependent band gap. 

 

For the alloyed configurations, the group IV and VI impurities are surrounded by the host P atoms 

and they play effectively the roles as acceptors and donors. The Se-P bond has an excess unpaired 

electron which is more delocalized than the paired electrons. Meanwhile Ge is a p-type impurity 

which induce a hole carrier. The alloyed structures can maximally benefit the conductivity and the 

semiconductor to metal transition is reached. The configuration-dependent band gap characteristics 

of Ge12Se12 doped 8×8 BP can be understood by the Anderson disorder model. The periodicity of the 

Bloch wavefunction of BP is locally destroyed by the impurities. The wavefunction of impurity 

electron is in the formula of exp(-r/ξ) where ξ is the localization length. For the alloy configurations, 

the impurities are more continuously distributed compared to clustering, hexamer and dimmer 

configurations. This is propitious to the extending of the wavefunctions of the impurities. The charge 

transfer between impurities and BP is analyzed. The charge transfer can induce variation of the on-

site energy and additional coulomb potential to the Hamiltonian. The charge transfer (Q) between 

BP and Ge12Se12 impurities is in the range of 5.4~20.1 e and BP gains the charges from the impurities. 

The charge transfer of configurations in Figures 3b, 4a and 4e is 5.4, 8.9 and 20.1 e. The Band gap 

versus the averaged charge Q  (Q/P atom) is shown in Figure 4j. The band gap is reduced as the Q  is 
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increased. The value of Q  reflects the degrees of the hybridization effects between the impurities 

and BP. In addition, Q  will also induce the Coulomb interactions and change the on-site energies of 

the Hamiltonian. Different configurations of doped structures result in the band gap difference as 

large as 1.57 eV which reflects the importance of the structures. The band gap bowing parameters is 

not only concentration-dependent but also configuration-dependent. The bowing parameters is in 

the range of 4.30~22.73 eV for configurations 4a~4f. The huge bowing parameter indicates the 

strong tuning effects through the doping of GeSe. The similar effects are found for SnS doped BP.  

3.4. Synergetic Codoping Effects on BP Quantum Dots 

Since the BP quantum dots (QDs) with sizes of several nm have been fabricated in the 

experiments, [2,17] it is important to investigate the interactions between group IV-VI impurities and 

BP quantum dots. The hexagonal BP cluster with the size of 3.2 nm is considered, which contains 150 

P atoms as shown in Figure 5a. The edges of BP clusters are saturated by H atoms to eliminate the 

dangling bonds. A series of compensated IV-VI clusters are considered with the concentration of 

1.33~98.67 percents. The structures of GeSe, Ge3Se3, Ge12Se12 and Ge27Se27 doped BP QD is shown in 

Figs. 5b~5e. The pristine BP quantum dot has the energy gap of 2.25 eV which is 0.36 eV larger than 

that of monolayer BP due to the quantum confinement effects and Coulomb interaction as shown in 

Figure 5f. The electrons are confined in all three directions and more localized compared to these of 

monolayer. The energy gap of quantum dot can be described by EQD= E0+a/r+b/r2, where the first, 

second and third terms represent the monolayer band gap, Coulomb interaction energy and kinetic 

energy determined by quantum confinement effect. Quantum confinement effect enlarges the gap 

and the Coulomb interaction is strengthened with decreasing size of QDs. By GeSe impurity pair 

doping, the band gap is reduced to 1.71 eV as shown in Figure 5g. This impurity pair breaks the 

inversion and three-fold rotational symmetries. This impurity pair induces the band gap reduction of 

0.54 eV. The Ge impurity modifies the HOMO orbital and the wavefunction at HOMO can be 

decomposed as |ΨHOMO>= 0.48|Ge>+0.88|P>. Meanwhile, the decomposition at LUMO yields 

|ΨLUMO>= 0.45|Se>+0.89|P>. Ge and Se impurities modify the HOMO and LUMO respectively. The 

work function of pristine P150H30 QD is 5.21 eV and it has been reduced by 0.24 eV through Ge1Se1 

doping which is comparable to the Ф reduction of BP monolayer by Ge1Se1 (0.27 eV). The Ge 

impurity raised up the HOMO by 0.24 eV meanwhile the Se impurity lowered down the LUMO by 

0.30 eV. For the Ge3Se3 doped BP QD, Ge and Se impurities contribute the DOS to HOMO and LUMO 

respectively. The energy gap is reduced to 1.78 eV as shown in Figure 5h. Actually, the energy gap is 
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configuration-dependent and the values is in the range of 0.08~1.78 eV (see Figure S3 of 

Supplemental Material).  

The concentration-dependent band gap is shown in Figure 5i. For Ge1Se1 and Sn1S1 doped BP, the 

band gaps are in the range of 1.36~2.25 and1.10~2.25 eV respectively. The minimum band gaps can 

be reached with the impurity concentration of 0.84. The energy gaps of hexagonal Ge75Se75 and 

Sn75S75 QDs are 1.45 and 1.27 eV respectively. The band gap bowing can be described by the Eq. (4). 

For the χ of 1.33 and 4.0 percents, the giant band gap bowing parameters are obtained with the 

values of 40.2 and 11.7 eV respectively according to the Eq. (4). The band gap differences ΔEg of w/ 

and w/o SOC are in the range of 0~11 and 0~15 meV for GeSe and SnS doped BP QDs respectively. 

The corresponding impurity concentrations for the largest ΔEg are 84 and 36 percents for GeSe and 

SnS doping respectively. The SOC contribution to the Hamiltonian can be described as HSO= λSOL·S, 

where λSO, L and S are the strength of the SOC, orbital and spin angular momentums respectively. 

The SOC can induce the perturbations which will break the spin degeneracy and narrow down the 

energy gaps of quantum dots. [18] Te and Pb impurities can induce stronger SOC in BP. 

 

 

      (a)                        (b)                       (c)                       (d)                      (e) 

         

       (f)                              (g)                            (h)                              (i)               

    

Figure 5. Structural and electronic properties of pristine and GenSen doped BP. Structures of (a) pristine, 

(b) GeSe, (c) Ge3Se3, (d) Ge12Se12 and (e) Ge27Se27 doped BP QDs. DOS of (f) pristine, (g) GeSe, (h) Ge3Se3 

doped BP QDs. (i) Impurity concentration-dependent band gap. 
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4. Conclusions 

In summary, the electronic structures of BP can be effectively modulated by the synergetic 

codoping of group IV and VI impurities. The indirect to direct band gap transition is realized. Strong 

band gap bowing is found in all monolayer, nanoribbons and QDs. Coulomb interactions between 

impurities are revealed. SOC can also be tuned by the incorporation of the impurities. This effective 

modulation avenue of electronic structures can be applicable to other two-dimensional materials. 
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