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EFECT OF A DEFECT IN THE DEHIDRAL ANGLE ON 
ELECTRONIC AND OPTICAL PROPERTIES OF TRIGONAL 

SELENIUM 

Mekahlia MAHIRA1, Benkhedir Mohammed LOUTFI1, Belghit RAFIK2 

Amorphous Selenium is gaining interest as it is used as X-ray sensitive layer 
in X-ray digital imaging machines and high-sensitivity HARPICON cameras used in 
low light intensity conditions. The density of states (DOS) in pure a-Se contains a 
shallow defect level at ~ 0.25 eV above the top of the valence band (Ev) and another 
shallow defect at 0.3 eV below the bottom of the conduction band (Ec). These levels 
are thought to be due to a defect in the dihedral angle in Se chains. In this paper we 
propose to study the electronic and optical properties of trigonal Se (t-Se) and t-Se 
containing a defect (t-Se(D)) in the dihedral angle using the WIEN2k code based on 
the density functional theory (DFT) using the General Gradient Approximation 
(GGA) with and without the potential of correction Tran and Blaha modified Becke-
Jhonson (TB-mBJ). The density of states shows that the gap of t-Se containing the 
defect is about 0.2 eV less than the t-Se. the changes are mostly caused by the 
change in the p-orbital. The real and imaginary parts of the dielectric constant show 
changes that can be explained by the distribution of charge density around atoms 
that reflects the nature of bonds. 
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1. Introduction  

Selenium (Se) is regaining interest because it has found new applications. 
In the digital x-ray imaging Se is used as a photosensitive layer in amorphous 
Selenium (a-Se) based flat-panel x-ray detectors [1, 2]. In high-sensitivity TV 
cameras a-Se is used as photosensitive layer in high-gain avalanche rushing 
amorphous photoconductor (HARP) films [3]. In the two previous applications 
the photosensitive layer, that is a-Se, is used under a high applied voltage. 
However crystalline Selenium (c-Se) is a good candidate as a photosensitive 
material for image sensors running under lower applied voltage [4]. This 
advantage gives more flexibility to use current CMOS technology in the readout 
circuit [4-5]. 
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Selenium can exist in different phases (monoclinic: α, β and γ, rhombohedric, 
orthorhombic, hexagonal, α- and β-cubic…) at the normal conditions of 
temperature and pressure, the most stable phase is the hexagonal one [6, 7]. As 
mentioned above, a-Se is the most used form of Se in the recent applications. In 
short range order a-Se has the same structure as the crystalline one, however; at 
long range order the periodicity is lost [8]. The amorphous form of a material is 
essentially the consequence of small changes in bond lengths and angles that are 
the topological defects [8]. The hexagonal phase of Se, or t-Se, is formed of 
parallel helical chains. A change in the sense of rotation of the helical chains at 
one atom introduces a change of the direction of dihedral angle, which is the angle 
between two adjacent planes formed of two successive bonds [9]. This defect puts 
the lone pairs of two successive atoms likely parallel rather than perpendicular [9] 
and this introduces a positive repulsive energy in the system. This neutral defect is 
believed to be the explanation for two shallow defect levels as deduced from the 
interpretation of different experimental results. The energetic levels of this defect 
are located, in the gap states of a-Se, at about 0.25 eV from the valence and 
conduction band edges [10-13]. However, some other studies based on other 
experimental results show that the DOS of a-Se above the valence band edge is 
featureless [14]. The charge carriers trapping in the gap states has a hard impact 
on the devices, as shown for example in the case of amorphous selenium direct 
conversion avalanche X-ray detectors [15]. Thus it is very important to know the 
real distribution of gap states in selenium. It will be fruitful to approach the 
problem using theoretical methods in order to elucidate the DOS structure of a-Se, 
especially the shallow defect levels. 

The well known density functional theory (DFT) approach is widely used 
to calculate structural and electronic properties of semiconductors that are the 
starting point to calculate other physical properties such as the optical and 
mechanical ones. Recently, David Koller and coworkers have proposed the 
modified Becke Johnson exchange potential (TB-mBJ) to be used as a correction 
to the potential in order to calculate accurate electronic band structures for 
semiconductors and insulators. This approach has proved its validity, and it 
permits to get values of the gap close to the experimental ones at a low cost [15].  

In this paper we propose to study the effect of a defect in the dihedral 
angle on the structural, electronic and optical properties of t-Se. For this purpose, 
we used the full potential linearized augmented plane wave (FP-LAPW) method 
with the TB-mBJ correction potential [16].  

2. Theoretical methods

In this study we have used the full-potential linearized augmented plane-
wave (FP-LAPW) as implemented in the WIEN2k code [17] based on the density 
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functional theory (DFT). We have, also, used the Perdew-Burke-Ernzerhof 
parameterization of the Generalized Gradient Approximation (GGA) [18] that has 
been chosen as an approximation of exchange-correlation potential [18]. The 
GGA approximation was used to study the structural properties; while the Tran 
and Blaha modified Becke Johnson (TB-mBJ) potential correction [16] was added 
to the GGA potential to study the electronic and optical properties of our systems. 
The separation between the core and valence electrons was set to -6 Ry. Where 
the cutoff parameter RMTKmax = 7 (RMT is the smallest radius of the muffin-tin 
spheres and Kmax is the magnitude of the largest wave vector in the first 
irreductible Brillouin zone). We have used 200 k-point to sample the Brillouin 
zone. The self-consistent calculations converge when the difference in the 
calculated total energy is less than 10-4 Ry. 

3. Results and discussion

3.1. Structural properties 

As mentioned above, the most stable phase of Selenium is the trigonal one. 
The t-Se has the group of symmetry P3121 and has 3 atoms in the primitive cell. 
The structural study of t-Se using GGA approximation and the Murnagan 
equation [19] showed that the cell parameters have the values a = 4.4261 Å and c 
= 5.0706 Å. The obtained results are in good agreement with other experimental 
and theoretical studies as shown in Table 1. We used the t-Se primitive cell to 
construct a 2x2x2 super cell containing 24 atoms thus we optimized the super cell 
structure in the same previous way and found that the cell parameters are a = 
8.8375 Å and c = 10.171 Å. Moreover, we relaxed the structure to get the Se atom 
positions in the super cell. We constructed a super cell containing a dihedral 
defect by changing the sign of the dihedral angle at the atoms number 22 and 23 
as shown in Fig. 1b.; Fig. 1a. shows a super cell without the dihedral defect.  

The dihedral defect does not change the lattice parameters and the 
symmetry; however the positions of atoms change.  

Table1 
The calculated structural parameters of t-Se 

Lattice parameters (Å) 
References a = b (Å) c (Å) 

Our calculation 4.4261 5.0706 
GGA 4.544 5.055 [20] 
LDA 3.879 5.080 [20] 

Experimental 4.3662 4.9536 [21]
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Fig. 1. The crystal structures of t-Se (a) and t-Se(D) (b). 

3.2. Electronic properties 

Using the structural study, we were able to investigate the electronic 
properties of t-Se with and without a defect. We calculate the electronic band 
structure within GGA approximation and TB-mBJ potential correction along high 
symmetry points in the Brillouin zone. The electronic structure of t-Se and t-
Se(D) are is presented in Fig. 2a and b. 

The t-Se and t-Se(D) shows an indirect band gap. The maximum of the 
valance band is at the L-point while the minimum of the conduction band is at the 
K-point as shown in Fig. 2. The DFT energy gap of t-Se is 1.087 eV using GGA
and 1.516 eV using GGA-mBJ. This is significantly underestimated with respect
to the experimental value of 1.85 eV [22-24]. It is remarkable that the gap of t-
Se(D) is about 0.2 eV less than the t-Se gap. This behavior can be understood
from the fact that when we change the rotation sense in the helical chain we put,
locally, the lone pairs much closer to each other than in the normal configuration.
This reduction of distance between lone pairs, in the defect neighborhood,
introduces an additional Colombian repulsive energy in the system and thus
reduces the energy gap [9, 11].

Fig. 2. Electronic band structures of : (a) t-Se, (b) t-Se(D) 

The partial and total DOS of t-Se and t-Se(D) using TB-mBJ potential 
correction are shown in Fig. 3a, b and c. The curve a shows partial and total DOS 
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per atom for the atom 23 where the defect is created while curve b presents the 
similar partial and total DOS for the atom 11 that is far from the defect 
localization. The Fig. 3c. shows the total DOS for all atoms in a t-Se with and 
without a defect. The Fig. 4. shows the zoom of total DOS, in the region between 
-2.5 eV and 2.5 eV, for atoms 1, 5 and 11 of t-Se(D). The total DOS is in
agreement with thus calculated in [25, 26] and the ups measurements in [27]. The
total and partial DOS of all atoms show that the valence band is constructed by
the p orbitals that are the p bonding states and the p lone pairs. A small
hybridization with s and d states as it can be noticed, which is in agreement with
other studies [26, 27]. Since the lone pairs have higher energy their states are
located at the top of the valence band. The total width of the valence band is about
5.4 eV for the t-Se and 5.8 eV for the t-Se(D). The deeper states are s states and
are between -9.2 eV and -15.2 eV for t-Se and -9.6 eV and -15.6 eV for t-Se(D).
The conduction band is formed of the p antibonding states and a small
hybridization with s and d states. This band is located between 1.52 eV and 4.17
eV for t-Se while it is located between 1.27 eV and 3.97 eV for t-Se(D).

The partial DOS of the atoms 23 and 11 in Fig. 3a and 3b show that the p 
orbital change of distribution especially at the valence and conduction band edges. 
Near the top of the valence band (-0.25 eV to 0.0 eV), the partial p DOS becomes 
2 to 3 times larger and a sharp peak appears at about -0.2 eV. On the other hand, 
in the bottom of the conduction band edge the antibonding p states shifted to 
lower energies by about 0.2 eV and become much higher. Furthermore, two 
pronounced peaks appeared at 1.38 eV and 1.58 eV. The s and d states show a 
similar changes but less pronounced. These results are in agreement with another 
study using tight binding method [9]. The shift in p states at the conduction band 
edge explains the reduction of the gap by 0.2 eV as shown in the electronic 
structure above.  

The changes in the partial p states could be attributed to the fact that at the 
defect location the lone pairs of two successive atoms are almost parallel rather 
than perpendicular like in a normal helical chain. This configuration puts negative 
charges closer to each other, this, of course, adds positive repulsive energy to the 
system. This repulsive energy weakness the covalent bonds at the defect location 
and this leads to push these σ bonds to higher energies near the top of the valence 
band making the peak at -0.2 eV. At the same time the antibonding σ* states move 
to lower energies making the two sharp peaks mentioned above. The fact that the 
changes in the density of p states of the atom n decrease with increasing the 
distance between atom n and atom 23, as seen in Fig. 4., that shows partial and 
total DOS for different atoms, confirms that the repulsion between parallel lone 
pairs stand behind these changes. This phenomenon is the same regardless of 
whether the atom n is from the same chain as atom 23 or not as shown in Fig. 4. 
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for atoms 1 and 5. It is worth to indicate that the orbitals s and d behaves exactly 
like orbital p as shown in Fig. 3. and Fig. 4.  

Using the transient photoconductivity in amorphous Selenium, the 
evidence of the existence of two shallow defect states levels at about 0.2 eV above 
the valence band edge and below the conduction band edge, as mentioned above, 
have been reported [11, 12]. These defect levels have been attributed to the defect 
in the dihedral angle which can be now confirmed by these results.  

Fig. 3. The total and partial DOS for t-Se and t-Se(D) (a) for atom 23, (b) for atom 11, (c) for all 
atoms. 
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Fig. 4. The total and partial DOS for t-Se(D) for atoms 1, 5 and 11. 

4. Optical properties

We can approach the optical properties using the dielectric function )(ωε  given
as: 

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

Where:    )(1 ωε  : The real part of the dielectric function is given as [28] :
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The real part ε1(ω) is presented in Fig. 5. Fig. 5a. is ε1(ω) parallel to the c 
axis (zz) and Fig. 5b. is ε1(ω) perpendicular to the c axis (xx). Fig. 5a. shows the 
calculated ε1(ω) for t-Se, the calculated one for t-Se(D) and the experimental 
results as digitized and combined from [29, 30]. Despite the difference in the peak 
positions probably due to the gap underestimation, the calculated ε1(ω) shows a 
good agreement with experimental results as it is seen in Table 2. The small 
differences are perhaps also due to imperfection in experiment procedure. Indeed 
the directly measured quantity is the reflection that can be disturbed by the quality 
of the front and back surface of the sample for example. The refractive index nxx, 
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The difference in refractive index between the two directions is Δn = nzz(0) 
- nxx(0) is 0.645 for t-Se while it is 0.586 for t-Se(D). This indicates that the
anisotropy of t-Se is larger than the anisotropy of t-Se(D). We can also see that the
decrease in Δn is caused by the increase of the ε1xx value due to the defect. This
behavior can be explained by the difference in covalent bond component between
chains as it is shown in the calculated distribution of charge density for t-Se and t-
Se(D) in Fig. 6. Indeed, as seen in the Fig. 6., the effect of the defect is clear along
the (0001) direction, as it can be seen from the contours of both t-Se and t-Se(D)
that there are two different types of bonds, for the t-Se the charge is distributed
around the atoms which indicates a weak bond of Van der waals type. On the
other hand the t-Se(D) shows a distribution of charges between atoms which
indicates the existence of a covalent component in the bond between chains. This
explains well the decrease in Δn.

Fig. 5. The real part of the dielectric function (a) ε1(ω) parallel and (b) ε1(ω) perpendicular to the c 
axis for t-Se and t-Se(D). 

Table 2 
The calculated refractive index of t-Se and t-Se(D) at 0 eV and available 

experimental values. 
Our 

calculation 
References 

[31] [32] [33] [34] [35] [36] 

nxx(0) 2.77 2.78 2.6 2.87 2.5 2.6 2.4 
nzz(0) 3.42 3.58 3.24 3.65 3.2 3.5 3.6 

nxx(0) D 2.86 - - - - - - 
nzz(0) D 3.44 - - - - - - 
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(a)              (b) 
Fig. 6. Valence charge density contour for (a) t-Se and (b) t-Se(D) in the (0001) plane. 

Fig. 7. shows the imaginary part ε2(ω). Fig. 7a. shows the ε2zz(ω) while  
Fig. 7b. presents ε2xx(ω). Fig. 7. Shows the calculated ε2(ω) for t-Se, for t-Se(D) 
and the experimental ones. A close agreement between experimental and 
calculated ε2(ω) of t-Se is observed along the all energy interval. The positions of 
the peaks in ε2(ω) can be explained by the peaks in electronic structure of the 
valence and conduction band as seen in the DOS curves. The changes of ε2(ω) for 
t-Se(D) follow the changes in the DOS structure, this appears for example in the
taking off of ε2(ω) and ε1(ω) of t-Se(D) that is about 0.2 eV before the one of t-Se.
The defect introduces more changes in perpendicular components of ε2(ω) than
the parallel components as it can be seen in Fig. 8. that show the zoom of ε2(ω) in
the region between 0 and 4 eV. The introduction of a covalent component in the
bond between chains, caused by the defect, stands behind the anisotropy of
changes, caused by the defect, in ε2(ω).

Fig. 7. The imaginary part of the dielectric function (a) ε2(ω) parallel and (b) ε2(ω) perpendicular 
to the c axis for t-Se and t-Se(D). 
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Fig. 8. The imaginary part of the dielectric function for t-Se and t-SeD from 0 to 4 eV. 

5. Conclusions

We studied the effect of a defect in the dihedral angle that is a change in
the rotation sense of the helical chain on the electronic and optical properties of t-
Se. In this study we used the WIEN2k code based DFT using the GGA with and 
without the potential of correction TB-mBJ. The most important results are: 

- The introduction of the defect does not change the structure
parameters.

- The obtained electronic structure and DOS of t-Se are in agreement
with other theoretical and experimental results.

- The gap of t-Se(D) is lower by 0.2 eV in comparison with the gap of t-
Se.

- Two picks appeared in the DOS of t-Se(D) the first at -0.2 eV the
second at 1.38 eV. The changes in DOS and the gap are attributed to
the changes in the configuration of the lone pairs in the neighborhood
of the defect. The picks could have a relation with the shallow defects
in a-Se.

- Changes in refractive index and real and imaginary parts of the
dielectric constants are attributed to a covalent component of inter-
chain bond in the t-Se(D). The inter-chain bond in t-Se is Van der
Waals type.
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