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This study is focused on calculation of the electronic structure and optical properties of non-metal
doped SbySes using the first-principles method. One and two N atoms are introduced to Sb and Se
sites in a SboSes crystal. When one and two N atoms are introduced into the SbySes lattice at Sb
sites, the electronic structure shows that the doping significantly modifies the bandgap of SbySes from
1.11 eV to 0.787 and 0.685 eV, respectively. When N atoms are introduced to Se sites, the material
shows a metallic behavior. The static dielectric constants €;(0) for SbigSeas, Sb15N1Seas, Sb14NaSeay,
SbigSea3Ny, and ShigSeosNy are 14.84, 15.54, 15.02, 18.9, and 39.29, respectively. The calculated
values of the refractive index n(0) for SbigSess, Sb15N;Seas, Sb14NoSeas, SbigSeo3Ny, and SbigSessNo
are 3.83, 3.92, 3.86, 4.33, and 6.21, respectively. The optical absorbance and optical conductivity
curves of the crystal for N-doping at Sb sites show a significant redshift towards the short-wave infrared
spectral region as compared to N-doping at Se sites. The modulation of the static refractive index
and static dielectric constant is mainly dependent on the doping level. The optical properties and
bandgap narrowing effect suggest that the N-doped SboSesis a promising new semiconductor and can
be a replacement for GaSb due to its very similar bandgap and low cost.

Keywords SbsSes, infrared, optical properties, solar cells, optoelectronic devices

PACS numbers 78.20.-e, 84.60.jt, 85.60.-q

. of solar energy and its potential applications, which man-
1 Introduction ifests the major challenge in energy research. Antimony

selenide is an orthorhombic layered structure semicon-
Despite the increase in the solar energy consumption, ductor and belongs to the Vo-Vl3 family [2-5], which is
about 2.0 x 10 J of energy is still wasted every hour known to include intriguing materials with excellent pho-
out of 4.1 x 10%° J consumed on Earth every year [1]. tovoltaic, thermoelectric, and electrochemical properties
Hence, there is a big difference between our current use [6-8]. ShoSes has attracted attention due its amorphous
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and crystalline material properties with an associated
switching effect [9], which has potential applications in
thermoelectric cooling and optical devices [10, 11], mem-
ory switching devices [12], optical coatings [13], and pho-
tovoltaic conversion devices [14, 15]. The theoretically
predicted efficiency of nanostructured SbsSes solar cells
is greater than 20% [16, 17]. Furthermore, Sb and Se
have low toxicity and are abundant materials, making
SboSes very promising for photovoltaics and other opto-
electronic applications.

A review of the literature shows that single-crystal
SbsSes has a bandgap from ~ 1 to 1.82 eV [18]. The ear-
lier study related to the nature of the bandgap indicates
that SboSes is a direct bandgap [19] material, but in liter-
ature (experimental and theoretical) it is also reported as
an indirect bandgap material [4, 20]. Although there is a
controversy about the nature of the bandgap due to the
extremely small difference between indirect and direct
bandgaps [18], SbaSes is reported in literature mostly as
an indirect bandgap material [3, 4, 18, 20-22], includ-
ing our results. In order to utilize the maximum spec-
tral range in the solar spectrum, the bandgap of SbhoSes
should be tuned, which will broaden the operational op-
tical window of the SbySes-based optoelectronic devices.

Nowadays, doping is one of the well-developed pro-
cesses to improve the surface structure and properties of
materials. Doping can dramatically modify physical and
chemical properties of materials [23]. Therefore, ShaSes
is repeatedly doped with different metals and transi-
tion elements to tune its bandgap and enhance its op-
tical, electrical, and magnetic properties [24-27]. Non-
metal doping is another approach used to narrow the
bandgap; in comparison to metal doping that often forms
a donor level in the forbidden band, non-metal doping
usually shifts the valence band edge upward [28]. Dop-
ing with non-metal elements such as N shows an en-
hancement in the electronic, optical, and magnetic prop-
erties of narrow-bandgap semiconductor materials [29-
32]. The doping by N has also shown higher thermal
stability and conductivity in graphene [33]. The afore-
said reasons motivated us to study the doping by ni-
trogen atoms, which can significantly modify/tune the
electronic and optical properties of SbaSes. To the best
of our knowledge, no studies on N-doped SbySes exist in
literature. Those currently under-the-investigated pho-
toactive materials and their inside micro- or nano-scale
structures are also required to be optimized, in order to
ensure a lower enough recombination rate of the photon-
generated electrons and holes [34]. The nitrogen doping
approach in SboSe; may open new paths to non-metal
elements doping for various other potential applications
such infrared detectors, infrared LEDs, lasers, transis-
tors, and thermo-photovoltaic systems.

In the present work, first-principles calculations are
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performed on N-doped SbySes. Through the band struc-
ture and optical properties (dielectric function, refrac-
tive index, absorption spectrum, and optical conductiv-
ity) calculations for different doping levels in N-doped
SbySes, useful theoretical information is obtained. These
studies provide a fundamental basis for non-metal doping
in chalcogenides systems for exploitation in correspond-
ing infrared /mid-infrared optoelectronic devices.

2 Computational method

First-principles calculations using a supercell approach
are performed to study the electronic structure as well as
optical properties of the non-metal doped SboSes. Dur-
ing the calculations, for the construction of pure ShoSes,
a super-cell with 40 atoms and dimensions of 1 X1 x 2 was
used. To build the doped models, one and two Sb and
Se atoms are substituted by one and two N atoms. Three
models of Sb1686247 Sb15N18e24, and Sb168823N1 are dis-
played in Figs. 1(a)—(c), respectively, and two other mod-
els of SbisNoSeos and SbigSea3No are described in the
supplementary information (Fig. S1). In the calculations,
we used the crystallographic information file (CIF) for
SboSes as introduced previously [35]. The CIF is gener-
ated from the experimental information [36].

The first-principles calculations are carried out using
CASTEP [37] code working within Material Studio envi-
ronment based on an approach called plane-wave pseu-
dopotential in the context of density functional theory
(DFT). The pseudopotential method is efficient and fast
due to the fact that no prior shape approximation of the
orbitals is required. Sb and Se have 5s2 5p3 and 4s2
4p4 electronic configurations, respectively. Exchange-
correlation energy was treated in the Wu-Cohen’s gen-
eralized gradient approximation (WC-GGA) [38] for the
lattice dynamics of SheSes [18, 39-43]. A 320 eV cut-
off energy and a Monkhorst pack grid of 1 x 1 x 2 k
points were used to integrate the Brillouin zone. The
self-consistent convergence accuracy was set at 1 x 1076
eV/atom. The convergence criterion for the key force
on atoms was 0.05 eV/A, the value of stress was 0.1
GPa, and the maximum displacement was 2 x 10~% nm.
The optical properties (dielectric constants, refractive
index, absorption coefficient, and optical conductivity)
were calculated with a fine mesh of 2 x 2 x 3 for the sum-
mation over the Brillion zone. The structures of undoped
and doped SbigSeqs supercells were optimized in order
to determine the influence of impurities on the stability
of the structure. The supercell structures were optimized
first, and the lattice parameters were obtained. The ra-
dius of N (0.74 A) is smaller than that of Sb (1.41 A)
when N is occupying the Sb and Se sites, which leads to
the decreasing cell vectors. For more accurate results, we
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Fig. 1 SbigSeas supercell models: (a) Undoped SbisSezs supercell, (b) SbisNiSeas supercell, (¢) SbigSezsN; supercell.

performed additional computations with different DFT
methods: local density approximation [44] and differ-
ent functionals (PBE [38], RPBE [45], PW91 [46], and
PBESOL [47]) in the generalized gradient approximation
(GGA). The details of these computations are provided
in the supporting information file.

3 Results and discussion

3.1 Structural optimization

Pure antimony triselenide structure was optimized before
calculating the electronic structures, which were then
used to find the lattice parameters minimizing the en-
ergy. Shown in Table 1, the computationally calculated
results for the structural parameters a, b, ¢, and V are
compared with the known experimental values [36] and
previous theoretical results [39, 48]. The lattice param-
eters calculated in this work are in accordance with the
experimental data.

Table 1 Optimized structural parameters for SbigSess
compared with experimental and previous theoretical results.

Exp. [36] Present work LDA [48] GGA [39]
Result Dev (%) Result Dev (%) Result Dev (%)
a (A) 11.62 11.451 —-1.45 11.22 —-3.44 11.7 40.69
b (A) 11.77 11.862 +0.78 11.52 —2.12 1191 +41.19
c (A) 3.962 3.947 —-0.38 396 —-0.05 3.98 +0.45
V (A3) 541.87 536.24 —1.04 511.84 —5.54 554.60 +2.35

3.2 Formation energy and cohesive energy

A smaller value of formation energy shows that a reac-
tion from pure elements to final compounds is possible.
Similarly, a smaller value of cohesive energy indicates
that the final compounds are energetically stable. The
energies are defined as follows for N-doping at Sb and Se
sites:

i) = | EA0) = (16 = )5 0 ~ HE Sy — 75 B 140, 8
By(e) = [ BU2i(0) — 163 0 — (2~ 0)ES — 23 B /0. B
Eulo) = | B850 - (16 = 2)BSh, — 25, — 03 ENon| 140, )
Bu(e) = | B 0) — 1658, — (24— 0) By — 5 Bl | 10 (@
Here, EfP“(z), ES! ot Boysars Eonss Eafoms Eafoms  sive energy increase for N-doping at Sb and Se sites as

and EN_— are the total energies of Sb(16—a)Se24Ny,
SbisSe(24—z)Nz, Sb, and Se crystals in their most sta-
ble phases and No, Sb, Se, and N atoms, respectively.
z(N1,N2), x is the number of doped atoms out of the
40 atoms in the supercell.

Figure 2 shows the formation energy and cohesive en-
ergy for Sb168624, Sb15leeg4, Sb14NQSeg4, SbleseggNl,
and SbigSessNs. Both the formation energy and cohe-

Sajid-ur-Rehman, et al., Front. Phys. 13(8), 137805 (2018)

the concentration of N increases, which indicates that N-
doping at Se sites is more energetically favorable than at
Sb sites. The energy required for the reaction increases
in the following order: SbigSessN; > SbigSessNo >
Sb15N;Seas > Sb14NsSeqy, so the stability of the final
compounds increases in the reverse order. Therefore, we
can conclude that SbigSea3N7 is the most favorable con-
figuration.

137805-3
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Fig. 2 The formation energy and cohesive energy
fOI‘ Sb168624, Sb15N18624, Sb14N28624, Sb168623N1, and
SblGSengg.

3.3 Band structure

The electronic band structures of pure and nitrogen-
doped antimony selenides were calculated in the
first Brillouin zone (BZ) along high symmetry di-
rections. High-symmetry points G(0,0,0), F(0,1/2,0),
Q(0,1/2,1/2), and Z(0,0,1/2) were used to calculate
the band structures. The band structures of SbigSeas,
Sb15leeg4, and Sb1ﬁseg3N1 are displayed in Fig. 3(&)—
(c) and those of SbisNaSeasand SbigSeq3Ny are given in
the supporting information file (Figs. S2 and S3).

Tt is clear from the energy band structure in Fig. 3(a),
in particular, from the difference between the valence
band maximum (VBM) and conduction band minimum
(CBM), that SbaSes is an indirect bandgap semiconduc-
tor material. Our calculations are consistent with previ-
ous DFT calculations [3, 42, 58]. There is a difference
between the calculated and experimental values of the
bandgap of pure SbySes. The calculated value of the
bandgap is 0.870 eV, while the experimental value is
1.11-1.17 eV [49-51]. The calculated value is underesti-
mated. Such underestimation is caused by neglecting the
discontinuity in the exchange correlation potential and
by the poor description of strong Coulomb correlation

[52] and can be corrected by using a scissors operation.
However, these results are still valuable for making qual-
itative statements regarding the accuracy of comparing
the relevant properties of ShoSes crystals.

In order to investigate the effect of N-doping in SbySeg,
pseudopotential calculations were performed for SboSes
with N substitution. In Sb15N;Ses,, the conduction band
edge [Fig. 3(b)] shows a slight change in position to-
wards the lower energy. The bandgap of single-atom
nitrogen-doped SboSes is reduced from 0.870 to 0.547
eV. Additionally, two new occupied bands emerge close
to —10.68 and —17.3 eV in the valence band. As a result,
N-doping of the ShoSes lattice is found to be effective
since the N-2p states contribute to the bandgap narrow-
ing by mixing with the Se-4p states. In Sbi5NySeqy, the
bandgap is reduced even more than in Sby5N;Sesy. Two-
atom N-doping reduces the bandgap from 0.870 to 0.447
eV. Some new occupied bands emerge here as well (see
Figs. S2 and S3 in the supporting information file). This
can be regarded as a defect state induced by single ni-
trogen atom doping.

After N-doping at Se sites, we can clearly see in
Fig. 3(c¢) (see band structure in Fig. S2 in the supporting
information file for 2N-doping at Se sites) the impurity
energy level caused by introducing N. We find that for N-
doping at one or two Se sites the impurity energy level of
the N-2p states, which slightly intersects the Femi level,
is introduced in the forbidden band. In particular, the
N-2p states and Se-2p states display a slight overlap in-
dicating the bonding interactions between the N and Se
atoms. At the same time, the shapes of the valence and
conduction bands of SbySessN; and SboSegsNs remain
unaltered.

3.4 Density of states

To get a more in-depth understanding regarding the elec-
tronic structure of pure and N-doped ShsSes, the doping
dependences of the total density of states (TDOS) as well

1 (¢) 2=

0

Fig. 3 Energy band structure of pure and N-doped Sb2Ses. The Fermi level (Ey) is at zero. (a) The band structure of
pure SbaSes, (b) the band structure of Sbi5N1Sezs, and (c¢) the band structure of SbigSeasNy.
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Fig. 4 The total and partial density of states of pure
Sngeg.

as partial density of states (PDOS) of the N-2p states are
investigated, as shown in Fig. 4 and Figs. 5(a)—(d).

Figure 4 depicts the electronic partial and total den-
sity of states of pure SbaSes per atom (Sb and Se) and
per orbital type (s and p). The lowest occurrence of the
valence band between —14.7 ¢V and —11.6 €V is due
to the domination of the Se-4s states. The intermediate
occurrence of the valence band between —9.86 eV and
—6.42 €V is due to the domination of the Sb-5s states.
The results are consistent with those reported previously
[4]. The highest occupied valence bands are effectively
dominated by the Se-4p states. The lowest unoccupied
conduction bands are due to the domination of the Sbh-5p
states. The Se-4p states also contribute to the conduc-
tion band, but the associated values of density of states
are very small as compared to the Sb-5p states.

The total and partial DOS contributed by N substi-
tuted at Sb sites are shown in Fig. 5(a), where N con-
tributes with 2s and 2p, Sb with 5s and 5p, and Se with
4s and 4p states. Four modifications of the pure SboSes
DOS are caused by introducing single-atom N-doping.
First, two new peaks emerge around —17.2 ¢V and —10.6
eV, which are dominated by the N-2s states and the Se-4s
states. Second, the height of the peaks is slightly reduced.
Third, the highest occupied valence band near the Fermi
energy appears due to the domination of the Se-4p states
and a small contribution from the N-2p states. Finally,
the highest unoccupied conduction band shifts closer to
the Fermi level, which is mainly dominated by the Sb-
5p states with a very small contribution of the N-2p
states, in contrast to the Se-4p states. In the DOS of
Sb14NoSeqys, as compared to that of SbisN;Seos, the
new peaks exhibit slightly shifted positions, which are
marginally higher than those for single-atom N-doping,
and some new peaks appear in the valence band due to
the N-2p states [Fig. 5(b)]. However, in the conduction
band the role of the N-2p and N-2s states marginally in-

Sajid-ur-Rehman, et al., Front. Phys. 13(8), 137805 (2018)

creases with the increasing doping level. This indicates
that the increase in the nitrogen concentration results in
a slightly stronger electronic mixing between the N-2p
and Sb-5p states.

Figures 5(c) and (d) show the TDOS and PDOS for
N-doping at one and two Se sites. Introducing one N
at Se sites produces almost the same modifications in
the valence and conduction band as introducing one N
atom at Sb sites in a pure crystal. A new peak emerges
around —14.8 eV, which is dominated by the N-2s states.
The highest occupied valence band near the Fermi en-
ergy is due to the domination of the Se-4p states with
a small contribution from the N-2p states. The highest
unoccupied conduction band shifts closer to the Fermi
level, which is dominated mainly by the Sb-5p states
with a very small contribution of the N-2p states, as
compared to the Se-4p states in a pure crystal. Compar-
ing SbygSe22Ns to SbigSea3 N1, the new peaks are slightly
higher in Sb1gSe22 N, and additional peaks appear in the
valence band due to the N-2p states [Fig. 5(b)]. How-
ever, in the conduction band the role of the N-2p and
N-2s states marginally increases with the increasing dop-
ing level. This indicates that the increase in the nitro-
gen concentration results in a slightly stronger electronic
mixing between the N-2p and Sb-5p states.

3.5 Optical properties

Interaction of light with semiconductors is very im-
portant for optoelectronic and photonic devices. The
frequency-dependent complex dielectric function, ¢ =
er(w) +ig;(w), is used here to calculate the optical prop-
erties. Imaginary part of dielectric function (e2(w)) can
be thought of as a function describing real transitions be-
tween occupied and unoccupied electronic states. Since
the dielectric function describes a causal response, the
real and imaginary parts are linked by the Kramers-
Kronig transformation. The Kramers-Kronig transfor-
mation is used in the calculation of the real part of the
function from the imaginary part. The following equa-
tions are used in the calculation of the other optical con-
stants such as the refractive index n, absorption coeffi-
cient «, and optical conductivity o [53].

o) = o Y IEur WHS(EE - B~ B). (9
k,v,c
) — 2 OOCUIEQ((U/) o
aw=1+2p [ 20 ©)
n(w) = % e2(w) + 3(w) + a1 W)]3, (7)
a(w) = V2[y/e}(w) + ed(w) — e1(w)]?, 8)
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Fig. 5 The total and partial density of states of (a) Sbi15N1Seas, (b) Sb14aN2Se2s, (¢) SbisSe23N1, and (d) SbigSe22No,

respectively.

In the equations, u is the polarization of the incident
electric field, w is the frequency of light, e is the electron
charge, and v;, and 1} are the conduction and valence
band wave functions at k, respectively. Principle value
is indicated by P in front of the integral sign. “Scis-
sors approximation” [54] is used to match the theoreti-
cal bandgap to the experimental bandgap in the present
work. The value of the scissor cut is set as 0.240 eV for
doped and undoped 1 x 1 x 2 supercells of ShySes.

3.5.1 Complex dielectric function

Figure 6 and Fig. 7 illustrate the real and imagi-
nary components of the dielectric function of SbigSesq,
Sb15leeg4, Sb14NgSe24, Sb168623N1, and Sb168622N2
obtained from Equation 6. For an undoped SbsSes crys-
tal, & (w) reaches a peak around 1.5 €V, crosses zero
at 2.80 and again crossing zero at 10.26 eV, and even-
tually becomes negative and reaches a minimum. Simi-
larly, for Sb15NSes,, almost the same steep monotonous
decrease in & (w) and a peak at the same location are
observed. But in the case of 2N doping, £ (w) shows a
slightly different behavior, exhibiting a peak at 1.10 eV,
crossing zero at 2.34 and 8.41 eV, turning negative, and

137805-6

finally reaching a minimum. Except for a higher static
dielectric constant &;(0) of SbigSe23N; as compared to
Sb15N1Seqy, it can be seen from Fig. 6(b) that all other
modifications are the same. But in SbigSesoNo, the static
dielectric constant &;(0) exhibits a much higher value
(39.29 V), and the dielectric function shows a sudden
drop away from zero frequencies, as compared to other
doping configurations.

A characteristic frequency at which the response of
a material changes from metallic to dielectric is called
the plasma frequency w,,. It is defined as the higher fre-
quency at which the real part of the dielectric function
vanishes 1 (wp) = 0. The static dielectric constant £;(0)
is defined by the low-frequency limit of & (w). The ob-
tained optical dielectric constants of undoped and doped
SboSes systems are listed in Table 2.

The imaginary part of the dielectric function & (w)
(Fig. 7) can be calculated from Eq. (5). In a pure crys-
tal, the transitions occur from the Se-4p to Sb-5p states,
while for N-doping at Sb and Se sites the transitions
occur from the Se-4p and N-2p to Sb-5p states. In this
study, we consider the dielectric function & (w) in the
energy range of 0.1-8 eV. For a pure crystal, a peak ap-

Sajid-ur-Rehman, et al., Front. Phys. 13(3), 137805 (2018)
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pears at about 2.56 €V, which is assigned to the transition
from the highest valence band towards the lowest valence
band. For Sby5N;Sesy, the peak occurs at about 2.13 V.
As seen in Fig. 7(a), the peaks are shifted from higher
to lower energies, as compared to an undoped system.
Similar modifications are observed in Sby4NsSess. The
peak slightly shifts towards low energies and decreases
to 2.08 eV, as compared to Sb15N;Seqy. The shift of the
peaks in both systems can be associated with the transi-
tions between the Sb-5p and the unoccupied N-2p states
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and variations of the band structure. In Sby1Sea3N; and
SbigSesaNo, the peaks are slightly shifted towards low
energies, and occur at about 2.4 €V [see Fig. 7(b)]. The
peak shows a minor increase in SbigSe3N; and a con-
siderable decrease in the case of 2N doping. However,
there is a noticeable change in the zero-frequency val-
ues: as the N concentration increases, the zero-frequency
value of the imaginary part of the dielectric function in-
creases too. This represents the increased energy loss in

Table 2 Summary of the optical properties of S]I)1(3S€247 Sb15N1 5624, Sb14N28624, Sbu;SEngl7 and Sb168622N2.

Property Previous work SbieSe2s4  SbisNiSeas Sb14NaSezs SbigSe23Ni1  SbigSe22Na
Static dielectric £1(0) 10.7-18 [49, 50, 60] 14.84 15.54 15.02 18.9 39.29
Screen plasma frequency 7.58 eV [64] 10.01 eV 8.62 eV 8.43 eV 9.81 eV 9.72 eV
Dielectric imaginary part 2(w) peaks 2.78 eV [4] 2.56 eV 2.13 eV 2.08 eV 2.46 eV 2.43 eV
Refractive index n(0) 3.69-3.82 [50, 60] 3.83 3.92 3.86 4.33 6.21
Absorption intense peak 2.78 eV [4] 3.77 eV 3.33 eV 3.30 eV 3.68 eV 3.78 eV
Conductivity intense peak 2.70 eV [60] 2.80 eV 2.40 eV 2.34 eV 2.70 eV 2.67 eV
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the doped medium due to the orientation of the dipoles
opposite to random collisions in electric filed.

3.5.2  Complex refractive index

Equation (7) shows the relationship between the complex
dielectric function and refractive index. The refractive
index of Sb168924, Sb15leeg4, Sb14steg4, Sb168623N1,
and SbigSesoNs is shown in Fig. 8. Table 2 shows the
static refractive index for undoped and N-doped SbhsSes.
At low frequency w(0), n(0) = /&1(0) relation is used
for n(0) and & (0). The calculated static refractive index
n(0) is 3.84. This value is close to 3.90 that is reported
by El-Sayad [3].

With the increasing N concentration, the refractive
index of N-doped SbsSes exhibits different trends in
SbisN1Sess and SbiyNsSess. The refractive index is
slightly higher for low N-doping as compared to pure
SboSes, whereas it shows the opposite result for high N-
doping [Fig. 8(a)]. The refractive index (static) can be
tuned with nitrogen doping. The main peaks in the re-
fractive index curves are located in the range of 1.27-1.70
eV. The refractive index drops sharply when the photon
energy is larger than 1.70 eV, but for the energies above
7.65 €V the refractive index is considerably higher than
that of SbigSess. In contrast, the refractive index for
N-doping at Se sites increases with the increasing N con-
centration, together with the static refractive index n(0)
[Fig. 8(b)], and no significant variations in comparison
to a pure crystal are observed.

Indeed, the contribution of N-doping to the SboSes
crystal refractive index depends on many other fac-
tors besides the dopant concentration. These include the
strain caused by the dopant-induced lattice mismatch,
the enhancement of the electronic polarizability of the
crystal structure due to the large difference in electronic
polarizability between the constituent cations and the
dopant, as well as the elasto-optic effect caused by the
lattice contraction or expansion. One or all of these fac-
tors may contribute to the index of refraction, and some
factors may have a positive contribution while the oth-
ers may have a negative contribution. The main peak
of the refractive index curve varies both in magnitude
and position, moving to the lower photon energies (red
shift). The principal phenomenon which explains this res-
onance shift is the variation of the separation between
the ground and the first excited states that are involved
in the optical transition. Consequently, we can conclude
that the concentration of the dopant can be used to con-
trol the desired refractive index changes. The high refrac-
tive index materials have attracted much attention due
to their potential applications in lenses, optical filters,
reflectors, antireflection films, optical waveguides, encap-
sulation materials for light emitting diodes (LEDs), and
solar cells [55-59].
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3.5.8 Absorption spectra

Equation (8) can be used to calculate the absorp-
tion spectra of Sb168624, Sb15N18e24, Sb14NQSQQ47
Sb1gSea3N7, and SbigSessNy. Figure 9 shows the spec-
tra of SbySes for different doping levels. The position
of the main peak ranges from 3.30 to 3.78 eV. This
energy range is similar to that of the imaginary com-
ponent of the dielectric function. The results for the
fundamental absorption edge of SbigSess are in agree-
ment with the direct transition and band structure re-
sults (see Fig. 7). It is well-known that the absorption
edge generally arises from the interband transition be-
tween the maximum of the valence band and the min-
imum of the conduction band. The absorption edge of
undoped SbhsSes corresponds to the transitions from the
Se-4dp states to Sb-5p states, whereas for N-doping at
Sb and Se sites it corresponds to the transitions from
the Se-4p and N-2p states to Sb-5p states. It can be ob-
served that the optical absorbance curves of Sby5N;Seoy
and Sb14N3Sess show some red shift towards the short-
wave infrared spectral region. However, it is clear from
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Fig. 9 The absorption spectra of (a) SbigSea,
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Fig. 9(b) that there is significant variation in the absorp-
tion spectra of Sbi1gSea3N| and SbigSessNs, as compared
to pure SheSes. Effective nitrogen doping integration is
established by tracking the free carrier absorption in the
infrared region.

3.5.4  Optical conductivity

SboSes is a good conductor due to the narrow bandgap;
its optical conductivity is calculated by H. Maghraoui-
Meherzi et al. [60], and has a pronounced peak at 2.70
eV, which is identical to our calculated result (Table
2). Doping with nitrogen is motivated by the improve-
ment of the optical conductivity of ShoSes, as compared
with doping by others materials, such as S, Ge, and Sn
[3, 61, 62]. Figure 10 depicts the optical conductivity
of undoped and doped ShsoSes, which is calculated from
Eq. (9). When N is introduced to antimony selenide, the
conduction bands near the Fermi energy level generate
a small number of N-2s electrons and a large number
of N-2p electrons, which shifts the conductivity of the
system at lower energies. The optical conductivity peaks
of Sb168824, Sb15N13e24, Sb14NQSeg4, SbmSeggNl, and
SbigSeasNs are located at 2.80, 2.40, 2.34, 2.70, and 2.65

Sajid-ur-Rehman, et al., Front. Phys. 13(8), 137805 (2018)
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Fig. 10 The optical conductivity of SbisSess, Sb15N1Sea4,
Sb14NQSeg4, Sb168624, Sb168623N1, and Sbl6S€22N2.

eV, respectively. A less pronounced shoulder between
7.80 and 15 €V can also be observed in the conductiv-
ity spectra of the doped systems. It is clear from Fig. 10
that the conductivity peaks shift toward lower energies
with doping, which supports our results for £ (w). How-
ever, the shifting of peaks for the case of N-doping at Se
sites is not as much as for the case of N-doping at Sb
sites.

All the optical properties including the real part of
dielectric function & (w), imaginary part of the dielec-
tric function & (w), refractive index, optical absorption,
and optical conductivity are summarized in Table 2.
Through the analysis and comparison, it is concluded
that the effects of N-doping at Sb and Se sites are the
key reasons for the SboSez energy bandgap narrowing
and the enhancement of the optical properties in the
short-wave infrared spectral region. Also, as shown in
literature, N-doping is the best way to improve the opti-
cal activity and thermoelectric properties [30, 31, 63].

4 Conclusion

In summary, we present first-principles studies on the
electronic structure and optical properties of N-doped
SboSes. The substitution of Sb by N atoms in the SbhoSes
lattice introduces an impurity state N-2p in the upper
valence band that results in a significant reduction of
the bandgap, whereas the replacement of Se by N atoms
transforms the semiconducting behavior of SbySes into
a metallic one. Consequently, the optical properties are
modified such that the dielectric function and refractive
index are slightly greater in SbisN;Seos, but smaller
in Sb14NsSeyy than in pure SboSesz. For SbigSezszN;
and SbigSessNo, both properties show increasing trends.
This behavior is mainly determined by the intra-band
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level repulsion between the host states and N-induced
states in the valence bands. The optical absorption and
optical conductivity curves for the case of N-doping at Sb
sites show a significant redshift towards the short-wave
infrared spectral region as compared to the case of N-
doping at Se sites. The optical properties and bandgap
narrowing effect suggest that the N-doped ShsSes is a
promising new semiconductor that can be a replacement
for GaSb because of the very close bandgap and low cost.
In addition, nitrogen doping may be the most promising
way to enhance the short-wave infrared optical activity.
N-doped SbySes can be used for infrared detectors, in-
frared LEDs, lasers, and transistors, as well as thermo-
photovoltaic systems. This study can be generalized for
non-metal doping in chalcogenides system for their ex-
ploitation in optoelectronic devices.
Electronic supplementary material Supplementary material
is available in the online version of this article at https://doi.org/
10.1007/s11467-018-0790-2 and is accessible for authorized users.
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