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 Electronic structures and optical properties of TM (Cr, Mn, Fe or Co) 

atom doped ZnSe nanosheets 

Xin-Lian Chen*, Bao-Jun Huang,Yong Feng, Pei-Ji Wang , Chang-Wen Zhang, Ping Li  

Abstract: The electronic structures and optical properties of pristine and 

transition-metal（TM） atom doped ZnSe nanosheets (ZnSeNSs) have been studied 

based on first-principles calculations. The results indicate that the pristine ZnSeNSs 

are nonmagnetic direct gap semiconductors, while Mn, Fe or Co doped ZnSeNSs are 

all spin-polarized, and Cr doped one is half-metallic with 100% spin-polarized 

currents. Cr or Co doped ZnSeNSs can improve the absorption properties and broaden 

absorption range, compared to pristine, Fe or Mn doped ZnSeNSs. Moreover, the 

red-shift phenomena are observed. These results can provide an important reference 

for designing and fabricating infrared and visible photoelectric nanodevices.  

Keywords:  ZnSeNSs, first- principle calculations, electronic structures, optical 

properties 

1. Introduction  

More and more attentions have been paid to II-IV semiconductor compounds and 

their alloys due to their important applications in optoelectronic devices and 

detectors.1 Zinc-selenide (ZnSe) is an II-IV compound semiconductor with band gap 

of 2.70eV at room temperature and has two well- known structural phases: zinc blend 

structure and wurtzite structure 2. ZnSe is commonly used for CO2 laser focusing 

lenses, night vision applications, ATR prisms and transmission windows for IR 

spectroscopy. In addition, because ZnSe doesn’t contain toxic elements, as an 

environment friendly semiconductor material, it is widely used in the blue light 

emitting diodes (LED) and laser diodes 3-4.In the photocatalytic applications, ZnSe 

has been confirmed to be promising material to enhanced photocatalytic activities5. 

Recently, ZnSe nanostructures, such as thin films 6-7, nanobelts, nanorods 8, and 

nanoribbons9-10 have been successfully synthesized in experiments by different 
                                                        
* School of Physics and Technology, University of Jinan, Shandong, 250022, People’s Republic of China 

E-mail：xinlianchen@163.com; Tel: +86 531 82765976 

Page 1 of 14 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



methods. Despite the synthesis of the large-scale ZnSe nanosheets (NSs) is very 

difficult, they have been reported to be successfully synthesized. Sun et al. 11 reported 

the ZnSeNSs with zinc blende structure synthesized by soft template method. H.Park 

et al. 12 synthesized the ZnSeNSs with zinc wurtzite structure by facile chemical 

method. Feng et al.13 have constructed the large-scaled ZnSeNSs by ZnSe 

nanoparticles and showed that the ZnSeNSs were more suitable for the degradation of 

Rhodamine B under UV radiation, compared to ZnSe nanoparticles.  

    The nanosheets structures have many excellent properties because of its larger 

specific surface area and their unique quantum confinement effect. The better optical 

properties can be obtained in the nanosheets by doping elements. The electronic 

structure and optical properties of the nanosheets doped have been reported by a body 

of works, such as transition-metal (TM) doped SnO2 NSs14, Ag-doped SnO2 

monolayer 15, and C, V or In-doped ZnO16. Many investigations and calculations have 

been performed about the structural, electronic, and optical properties of the bulk 

ZnSe materials17-19. Cr and Fe doped ZnSe have been used to laser gain medium in 

mid-IR laser20-21. So far, few works theoretically reported the electronic structure and 

optical properties of ZnSeNSs, especially, TM atom doped ZnSeNSs. 

In this work, we performed first-principle spin polarized calculation to study the 

electronic structures and optical properties of TM doped ZnSeNSs. Zn atom was 

replaced by TM (Cr, Mn, Fe or Co) atom in ZnSeNSs. Firstly, the defect formation 

energy is calculated to determine the stability of TM-doped ZnSeNSs. Secondly, we 

studied the electronic properties of TM (Cr, Mn, Fe or Co) atom doped ZnSeNSs. 

Thirdly, the optical properties of TM (Cr, Mn, Fe or Co) atom doped ZnSeNSs are 

studied by analyzing the optical transitions between occupied and unoccupied states. 

2．．．．Method and calculation details 

All the calculations were carried out by the WIEN2k based on the first-principles 

density function theory (DFT), which implements full potential linearized augmented 

plane wave (FLAPW) method 22. To describe the exchange and correlation functional, 

the electronic and optical properties were calculated using a generalized gradient 
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approximation (GGA) proposed by Perdew–Bueke–Ernzerhof (PBE) 23. The lattice 

parameters and atom position were optimized in order to determine structural stability 

of TM (Cr, Mn, Fe or Co) doped ZnSeNSs. And the k-point meshes for Brillouin zone 

were set as a 6×6×1 Monkhorst-Pack grids. The muffin-tin radii are chosen as 2.0 a.u. 

for Zn, Se, and TM (Cr, Mn,Fe or Co) atom. An energy cutoff of −7.0 Ry is employed 

for the LAPW basis to describe the wave functions in the interstitial region. The 

structural relaxation is done until the forces on each atom are smaller than10−4 eV/Å.  

A vacuum region of 10Å was applied along the direction perpendicular to the 

ZnSeNSs surface to achieve convergence on the parameters. 

The pristine ZnSeNSs were selected with a 4×4×1 super cell cut from ideal bulk 

ZnSe with wurtzite structure, as shown in Fig.1. From Fig.1 (a)-(b), it is found that the 

optimized pristine ZnSeNSs forms graphene-like structure as seen from the side view, 

similar to ZnO NSs24 and ZnS NSs 25. The optimized lattice parameter is 4.096 Å and 

the length of Zn-Se bond is 2.38 Å, which are consistent with the experimental 

results12. Fig.1 (c) and (d) show the band structures and the density of states (DOS) of 

pristine ZnSeNSs, respectively. From Fig.1(c), the pristine ZnSeNSs is a direct gap 

semiconductor with the band gap of about 1.85eV because the conduction band 

minimum (CBM) and the valence band maximum (VBM) are located at the Γ  point 

in the Brillouin zone. In fact, the calculated band gap is smaller than experimental 

value because of underestimating the correlation interaction between excited electrons 

in the calculation 26. Compared to the bulk ZnSe (~1.35eV), the band gap of pristine 

ZnSeZNSs increased, similar to the case of ZnONSs27, 28. In addition, the pristine 

ZnSeNSs is nonmagnetic due to a symmetrical distribution of the wave functions of 

spin-up and spin-down channels, and the spin-up DOS is shown in Fig.1 (d).  

In the following study, we perform the effect of TM atom (Cr, Mn, Fe or Co) 

substitution for Zn atom in ZnSeNSs. The position of the doping atom is located at 

blue ball position in Fig.1 (a). And the calculated results are compared to those of 

pristine ZnSeNSs. 
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Fig. 1 (a) Top view of pristine ZnSeNSs (the position of Zn is denoted by blue ball in the circle) 

(b) side view of pristine ZnSeNSs (c) the band structure of pristine ZnSeNSs (d) DOS of pristine 

ZnSeNSs (spin up)  

3. Results and discussion 

3.1 Formation energy 

The stability of TM-doped ZnSeNSs can be determined by the defect formation 

energy (Ef), defined as xZnZnSeZnSeXf uuEEE −+= -:
29, where 

ZnSeXE :  and 
ZnSeE  are 

(a) 

(b) 
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the total energies of the TM-doped ZnSeNSs and ZnSeNSs supercell, respectively. 

Znu  is the chemical potentials of Zn and xu is those of TM atom(Cr, Mn, Fe, or Co). 

The smaller the value of fE , the structure is more stable. The values of Ef are shown 

in Table I. From the Table I, the TM (Cr, Mn, Fe or Co) atom doped ZnSeNSs all 

release energy. This indicates that Cr, Mn, Fe or Co as a dopant can achieve a more 

stable structure than pristine ZnSeNSs. Moreover, for optimized structures of TM (Cr, 

Mn, Fe or Co) atom doped ZnSeNSs, it is found that the bond length between doped 

TM atom and its nearest Se atom (dx-Se) has changed. The atom radius and 

electronegativity are mainly responsible for the bond length change. The bond length 

of Fe or Co and Se bond is less than Zn-Se bond because of Zn atom substituted by 

smaller ionic radius of Fe or Co. And for Cr or Mn doped ZnSeNSs, the opposite 

happens because Cr or Mn has less electronegativity than Zn atom. In addition, we 

find that TM (Cr, Fe, Mn or Co) atom doped ZnSeNSs show magnetic properties, 

which the total magnetic moments per Cr, Fe, Mn, and Co dopant are 4.89, 5.92, 4.89, 

and 3.87 Bµ , respectively. This mainly came from the strong localized magnetic 

moment caused by the doped atoms14.Take Cr doped ZnSeNSs for example, when Cr 

atom substituted for Zn atom, one 4s electron and one 3d electron of Cr atom 

transition to the 4p orbit of Se atom, thus the 4p orbit of Se is completely stained. 

Four spin-up electrons still exists in the 3d orbit of Cr and the magnetic moment is 

given by ( 1) 2 2 (2 1) 4.89B B BM g s s µ µ µ= + = ∗ ∗ + ∗ = .Here, 

and are Landé factor and the half of the unpaired 

electrons, respectively. 
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Table I:  The bond length between TM atom and its nearest Se atom (dx-Se), the defect formation 

energy (Ef) whose “-” represents the releasing energy, the number of unpaired electrons (N) and 

the total magnetic moment (M).  

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Band structure and density of electronic states 

The spin band structures for TM (Cr, Mn, Fe or Co) atom doped ZnSeNSs are 

illustrated in Fig. 2 (a)-(d), respectively. We can find that the spin band structures of 

TM atom doped ZnSeNSs become more complicated than those of pristine ZnSeNSs 

due to the emergence of the impurity energy levels. From Fig.2, several 

obvious features can be obtained. Firstly, TM (Cr, Mn, Fe or Co) atom doped 

ZnSeNSs still remain direct band gap character with the same as pristine ZnSeNSs. 

Secondly, TM (Cr, Mn, Fe or Co) atom doped ZnSeNSs are all spin-polarized due to 

the asymmetrical distribution of band structures of spin-up and spin-down channels. 

From Fig. 2(a), Cr-doped ZnSeNSs show half-metallic with 100% spin-polarized 

currents. This can be caused by the hybridization both Cr 3d and Se 4p states near the 

Fermi level. However, Mn, Fe or Co doped ZnSeNSs have the similar characteristics 

by analyzing the spin band structures. They are all the semiconductors, but some 

impurity energy levels can be found near the Fermi level, which mainly come from 

the 3d states of the TM doped atom and 4p states of the Se atom. The appearance of 

the impurity energy levels with more active electronic transition from the occupied 

bands to unoccupied bands may be good for improving the optical properties. 

Configurations dx-Se (Å) Ef(eV)      N                         M( Bµ ) 

ZnSe 2.376 -- 0 0 

Cr:ZnSe 2.486 -1.93 4.0 4.89 

Mn:ZnSe 2.415 -2.05 5.0 5.92 

Fe:ZnSe 2.366 -2.21 4.0 4.89 

Co:ZnSe 2.358 -2.64 3.0 3.87 
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（（（（b）））） 

（（（（c）））） 
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Fig.2 the spin band structures for TM atom (Cr, Mn, Fe or Co) doped ZnSeNSs (a) Cr, (b) Mn, (c) 

Fe, and (d) Co atom. The arrows “↑” and “↓” represent spin-up and spin-down, respectively. 

 

To further analyze the effect of TM (Cr, Fe, Mn or Co) doping on the electronic 

and optical properties of ZnSeNSs, we calculated the total density of states (TDOS) 

and partial density of states (PDOS) of TM-doped ZnSeNSs, as shown in Fig. 3. The 

results show that Cr doped ZnSeNSs exhibits magnetic half-metal properties, while 

Mn, Fe, or Co doped ZnSeNSs are all magnetic semiconductors. Moreover, for Cr or 

Co doped ZnSeNSs in Fig.3 (a) and Fig.3(d), the electronic states near the Fermi level 

mainly consists of doped atom 3d states strongly hybridized with Se 4p states, while 

Zn 4s states plays a major role to form the conductive band. The band gap reduction 

and the red-shift phenomenon are also found. From Fig.3 (b), the valence band of Mn 

doped ZnSeNSs is mainly supplied by Mn 4s states and Se 4p while the conduction 

band is supplied by Mn 4s and Zn 4s states. From Fig.3(c), the valence band of Fe 

doped ZnSeNSs is mainly caused by the hybridization of Fe 3d states and Se 4p states, 

while the conduction band near the Fermi level is caused by Fe 3d states.  
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Fig.3  Total and partial DOS for (a) Cr, (b) Mn, (c) Fe, and (d) Co atom and nearest Zn, Se atoms.  

Fermi level EF is set to zero and the vertical dashed lines denote EF.  

Usually, the GGA method can underestimate the binding energy of d states. In order to 

check our results, we calculated the TM atom 3d orbit by GGA+U (U=3.0eV) and the results are 

shown in Fig.4.Fig.4 shows the total DOS of TM-doped ZnSeNSs and partial DOS of 3d atom. 

Compared with GGA results, the amount of impurity energy level becomes less around the Fermi 

energy and the band gap is larger. This shows that GGA underestimates that the TM atom 3d 

orbitals hybridization quite strongly with Se 4p orbitals. Furthermore, we found the same results 

for the magnetic moments can be derived by the GGA+U and GGA method. Comparison results 

show that the results by the GGA method can qualitatively reflect the properties of TM atom 

doped ZnSeNSs. Compared with TM atom doped SnO2 
14, similar results can be derived. 
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Fig.4 Total and TM atom 3d partial DOS with U=3.  (a) Cr, (b) Mn, (c) Fe, and (d) Co. Fermi 

level is set to zero. DOS is broadened by Gaussian smearing with 0.2 eV. 

 

3.3 Optical properties 

In our work, the optical properties of TM (Cr, Mn, Fe or Co) doped ZnSeNSs 

have also been studied. It is helpful to study the optical properties of the medium by 

analyzing the optical transitions between occupied and unoccupied states. The 

imaginary part of the dielectric tensor can be computed from the electronic band 

structure of solid. The optical properties can be obtained from the complex dielectric 

function. It can be expressed as 30-31 

             )()()( 21 ωεωεωε i+=                      (1) 

The real part of the dielectric function )(1 ωε  can be evaluated from the imaginary 

part )(2 ωε  via the Kramers–Kronig transform. And according to Ref.32, the 

imaginary part of the dielectric function )(2 ωε can be expressed as 

( ) ( ) ( ) ][
2

24 2

,

3

22

2

2 ωδ
πω

π
ωε h−−×⋅= ∑ ∫ kEkEKMekd

m
VCcv

CV BZ

）（
             (2) 

Here, C, V, and BZ represent conduction band, valence band, and the first Brillouin 

zone, respectively. k is reciprocal lattice vector and ω is angular frequency. )(kEC  

and )(kEV  are pristine energy level of conduction band and valence band, 

respectively. ︱Mcv(K)︱2 is momentum matrix element. The imaginary parts of the 

dielectric function for pristine and TM atom doped ZnSeNSs are shown in Fig.5. 
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From Fig.5, the imaginary parts of the dielectric functions for TM (Cr, Mn, Fe or Co) 

doped ZnSeNSs are larger than pristine ZnSeNSs. In low energy region, there are 

obvious increments for Co and Cr doped ZnSeNSs.  This can be explained by the 

emergence of some impurity energy levels around the Fermi level and the larger 

probability of the electron transition. For Co doped ZnSeNSs, there are two peaks in 

the low energy region. The reason can be mainly attributed to the transition between 

Se 4p states in the top of valence band and Co 3d states in the conduction band near 

the Femi level. For Cr doped ZnSeNSs, an obvious peak appears around the 1.4eV, 

which derived from the transition between Cr 3d and Se 4p states. However，a small 

peak originated from the transition between the energy levels in the top of  the 

valence band and the bottom of the conduction band is observed  around  0.4eV for 

Fe doped ZnSeNSs. For Mn doped ZnSeNSs in the region of less than 1.6eV, the 

imaginary part of dielectric function approaches to zero, similar to the pristine 

ZnSeNSs. The imaginary part of dielectric function with TM doped ZnSeNSs has 

larger increase around 4.5eV compared with the pristine ZnSeNSs. It is mainly due to 

the inter-band transition between the valence band and the conduction band. 

 
 Fig.5 (Color online) The imaginary part of dielectric functions of TM doped ZnSeNSs 

 

The absorption property of the semiconductor is related to its electronic band 

structure. The absorption coefficient can be expressed as 
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The absorption coefficients for TM (Cr, Mn, Fe or Co) doped ZnSeNSs are 

illustrated in Fig.6. From Fig.6, it can be found that the positions of absorption peaks 

of pristine ZnSeNSs were significantly blue-shifted from those of bulk ZnSe 

(Eg=2.7-2.8eV), which are consistent with the experimental results33.The absorption 

coefficient of TM doped ZnSeNSs above the fundamental absorption edges becomes 

stronger than that of the pristine ZnSeNSs, which is more suitable to make the 

photoelectric device. Compared to the pristine ZnSeNSs, the red-shift is observed for 

Cr or Co doped ZnSeNSs and the absorption coefficient is near zero for Mn or Fe 

below absorption edges. This phenomenon can be caused by the impurity energy level 

around the Fermi level. The results show that Cr or Co doped ZnSeNSs have better 

optical properties and broaden the absorption range, compared to Fe or Mn doped 

ZnSeNSs. They can be widely used in infrared and visible photoelectric devices.  

 
Fig.6 (Color online) The absorption coefficients of TM doped ZnSeNSs. 

4. Conclusion 

   In this paper, we have presented the theoretical calculations for the electronic 

structures and optical properties of TM (Cr, Mn, Fe or Co) ZnSeNSs based on 

first-principles density function theory (DFT), which implements full potential 

linearized augmented plane wave (FLAPW) method. The results show that Fe, Mn or 

Co atom doped ZnSeNSs possess direct band gap semiconductor with magnetic 

property , while Cr atom doped ZnSeNSs is  half-metallic with 100% spin-polarized 

currents. Furthermore, the imaginary part of dielectric function and absorption 

coefficient are increased significantly in the visible region. Simultaneously, the 
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ZnSeNSs with Cr or Co doping have better optical properties in infrared region and 

the red-shift phenomenon happens because the absorption edge shifts to the low 

energy region compared to pristine, Fe or Mn doped ZnSeNSs.. These results provide 

some theoretical basics for the further design and application in infrared and visible 

photoelectric devices. 
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