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Abstract
In this study, we performed a density functional theory based investigation of the structural, electronic, and optical properties
of a stanane, fully hydrogenated stanene SnH, and armchair stanane nanoribbons ASnHNRs. Our full geometry optimization
calculations show stanane has 0.84 Å buckled height and the buckled structure is preserved in ASnHNRs. The optimized
lattice parameter of stanane, Sn–Sn, and Sn–H bond length are 4.58 Å, 2.75Å, and 1.73 Å, respectively. Electronic structure
calculations show that stanane is a moderate-band-gap semiconductor with a direct band gap of 1.2 eV and ASnHNRs are
wide-band-gap semiconductors. The band gap of ASnHNRs decreases as the ribbons width increases. We investigated the
optical properties for two directions of polarization. For perpendicular-polarized light, the imaginary part of dielectric function 𝜀2 (𝜔) of stanane peaks between 5 and 10 eV; while for the parallel-polarized light, the peaks are seen in a wide range
of energy. According to the results, stanane is a good absorptive matter, especially for visible regions of the electromagnetic
spectrum. The presence of anisotropy with respect to the type of light polarization is observed in ASnHNRs also. In these
structures, the main peak of 𝜀2 (𝜔) is located at 3.4 eV for parallel- and in 6–8 eV for perpendicular-polarized light.
Keywords Stanene · Two-dimensional structure · Dielectric function · Structural properties · Optical properties · Stanane ·
Topological insulator

1 Introduction
Graphene is a two-dimensional honeycomb lattice of
carbon atoms which has attracted a great deal of attention because of its unique mechanical, magnetic, and
electronic properties [1–3]. Theoretical and experimental investigations have shown that graphene can exist in
quasi-one-dimensional structures [4–6] which are called
graphene nanoribbons (GNRs). The electronic properties
of these materials are closely related to their dimensionality. In contrast to graphene, GNRs are nonzero band
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gap structures [7]. Various theoretical and experimental
studies show the remarkable properties of GNRs. Some
of these investigations focus on the adsorption of single
atoms and molecules on the bare graphene and graphene
nanoribbons [8–11]. These new structures could be suitable candidates for use in nano-scale electronics [12], bioelectronics [13], gas sensors [14], hydrogen storage [15],
and spintronic devices [16]. Among various additive atoms
and molecules, hydrogen has attracted special attention.
By adding hydrogen, zero-gap semiconductor graphene
changes into the wide-gap semiconductor graphane [17].
Studies show that graphane nanoribbons exhibit more
favorable formation energies than experimentally available graphene nanoribbons [18]. The properties of graphene motivated scientists to investigate other elements
in the fourth column of the periodic table. First, silicene
and germanene, which are 2D structures of silicon and
germanium, were fabricated in the laboratory [19, 20]
after that tin atoms were considered [21]. The 2D structure of tin atoms, which is called stanene, exhibits notable
properties [22–24]. Similar to graphene, these structures
have high carrier mobilities [25]. However, their zero or
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very small gap limits their use, especially in electronic
applications. Recently, fully hydrogenated germanene has
been fabricated in the laboratory [26]. Germanane is a
semiconductor with a moderate band gap. This moderate band gap brings new opportunities for applications
of fourth-group 2D structures. It is worth noting that the
dynamic stability for the stanene nanoribbon under study
was investigated by calculating the phonon spectra as presented in the literature [27]. None of them showed imaginary frequencies, indicating that they are all dynamically
stable. On the other hand, the dynamic stability of nanoribbons comprised of stanene and other group IV materials
are comprehensively investigated and proven in the recent
works [28, 29]. In this work, we perform a density functional theory (DFT) study of fully hydrogenated stanene
and also armchair stanane nanoribbons (ASnHNRs). We
initially give a brief description of the computational
method and the relevant parameters which were used in
our calculations. Then, the structural properties of both
stanane and ASnHNRs are investigated. After that, their
electronic properties are discussed in detail. Finally, we
analyze our calculations for the optical properties.
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c and 𝜈 refer to conduction and valence band states, respectively. The imaginary part of the complex dielectric function 𝜀(𝜔) is calculated for the energies in range of 0 to 20
eV. For these calculations, we used 1 × 20 × 1 k-point mesh
within the Monkhorst–Pack scheme for the Brillouin zone
integrations. After calculating the imaginary part of the
complex dielectric function from DFT-based calculations,
the real part is obtained using the dispersion relation of
Kramers–Kronig:

𝜀1 (𝜔) = 1 +

2
P
𝜋 ∫0

∞
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P denotes the principle part. Equation 1 is the basic expression which connects the band structure to the optical properties. For example, the absorption coefficient is

2 Methods

𝛼(𝜔) =

All of the calculations in this work are implemented using
the Siesta code which is based on the density functional
theory (DFT). We adopted the Perdew–Burke–Ernzerhof
(PBE) [30] exchange-correlation functional of the generalized gradient approximation (GGA) and 70 Ry cutoff
energy in all computations. We started with 2D stanane
which is derived from the hydrogenation of stanene, and
then the armchair nanoribbons. The sampling for Brillouin
zone integration was performed using the Monkhorost-Pack
scheme. Additionally, 200 k points were used to compute
the band structures. All atomic positions were fully relaxed
using a conjugate gradient technique. During these geometry
optimizations, all the internal coordinates were relaxed until
the Hellmann–Feynman forces were less than 0.005 eV/Å.
Stanane is considered in the YZ-plane. In order to avoid
the periodic interaction, a large vacuum region of 15 Å was
considered in x direction. For nanoribbons, this magnitude
of vacuum region is considered in x and z directions, perpendicular to the ribbons and along their width. We also investigated the optical properties of the stanane and armchair
stanane nanoribbons. It is well known that the interaction of
photons with the electrons in a system can be described by
the dielectric function which is written as sum of real and
imaginary part i.e., 𝜀(𝜔) = 𝜀1 (𝜔) + 𝜀2 (𝜔).
The imaginary part is determined by a summation over
empty states using the equation:

where n is the refractive index, and c is the speed of
light [31]. In the present work, dielectric functions and
absorption spectra are calculated for two directions of polarized light and also for unpolarized light.
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3 Results and discussion
3.1 Geometric structure of stanane and ASnHNRs
To explore the properties of stanane, we first needed to
determine its geometric structure. There are three structures
of stanane: the chair-, boat-, and stirrup-configurations [32].
In our DFT computations, we considered the chair-configuration of stanane which is a structure with hydrogen atoms
alternating on both sides of the Sn plane. This configuration
is believed to be the most favorable and stable hydrogenated
structure [32]. For the calculations, we defined a 2D hexagonal unit cell consisting of two Sn atoms and two H atoms.
As shown in Fig. 1, each Sn atoms of two sublayers are saturated by hydrogen atoms from above and below, alternately.
The optimized lattice constants being a = b = 4.58 Å . The
lengths of the Sn–Sn and Sn–H bonds are 2.75 and 1.73
Å, respectively. The nanoribbons cut from this 2D stanane
with their edges terminated by H atoms. Two major families
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Fig. 1  (Color online) Top and
side view of a 2D stanane SnH
layer, buckled height of stanane
is denoted by d0, b super cell of
9ASnHNR, Wa is the ribbon’s
width and N shows the number
of dimer lines along the ribbon
direction. The gray and the blue
balls represent tin and hydrogen
atoms, respectively

of NRs are distinguished depending on their orientations,
namely, armchair and zigzag NRs. Only the armchair family
of nanoribbons is investigated in this work. N is defined as
the number of Sn–Sn dimer in the unit cell which are parallel
to the axis of the nanoribbons, the ribbon’s width is denoted
by Wa . We consider the ASNRs with width varying from
N = 7 to N = 17. The super cell of 9ASnNR is shown in
Fig. 1. ASnHNRs are considered in the YZ-plane. All of the
dangling bonds on the edge sites are passivated by H atoms.
Compared to the stanene structure, in stanane Sn–Sn
bond and lattice constant are increasing while the buckling
decreases [24]. Investigation of the geometrical structures of
ASnHNRs shows the buckling decreases while their width
increases.

4 Electronic properties of stanane
and ASnHNRs
Figure 2 presents the computed electronic band structure
of stanane along K − Γ − M − K direction. The band gap
of stanene is 0.04 eV, however, adsorption of hydrogen on
stanene has significant effect on its electronic properties.
Here, our calculations for electronic band structure of stanane show that it is a semiconductor with a direct band gap
of 1.22 eV at Γ point, Fermi level is shifted to zero. This
moderate value of band gap makes stanane a good candidate
for various applications. There is a twofold degeneracy at Γ
point of valance band.
The band structure of some ASnHNRs in the absence of
spin–orbit interaction (SOI) are shown in Fig. 3. In all band
structure diagrams, the Fermi level is shifted to zero. The
value of the ASnHNRs band gap differs from that of parent
2D structure due to the combined effect of quantum confinement. These structures were observed to be semiconductors
with a direct band gap at Γ point.
The number of bands near Fermi level increases with
increasing the ribbon’s width. It is also observed that

Fig. 2  Band structure of stanane SnH in the absence of spin–orbit
interaction SOI, Fermi level is shifted to zero

valence maximum band (VBM) and conduction band
minimum (CBM) are inhomogeneous related to Fermi
level. Band gap reduces with increases in the ribbon’s
width. For accurate investigation, we plotted the variation in band gap as a function of ribbon’s width for 7–17
ASnHNRs which is presented in Fig. 4.
By comparing the variation of band gap in ASnHNRs
with armchair stanene nanoribbons, which we investigated in our previous work [33], it is observed that here
the quantum confinement effect is not as emphasized as
that found in stanene nanoribbons. We also calculated the
density of states (DOS) of ASnHNRs. As shown in Fig. 5,
the DOS spectra for different ASnHNRs are similar except
for small differences in their shapes and amplitudes. As the
ribbon’s width increases, the energy of states near Fermi
level is shifted upward. This shift leads to a decrease in
the size of band gap [18].
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Fig. 3  The band structure of a 7ASnHNR, b 9ASnHNR, c 11ASnHNR and d 13ASnHNR in the absence of spin–orbit interaction

Fig. 4  variation of band gap as the ribbon’s width. As the ribbon’s
width increases, the size of band gap decreases
Fig. 5  (Color online) Density of state DOS of 7-, 11-, 15 ASnHNRs.
By increasing the ribbon’s width, energy of states near Fermi level is
shifted upward
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5 Optical properties of stanane
and ASnHNRs
Stanane is a promising candidate for optoelectronics
because of its moderate direct band gap, [10]. Therefore,
we calculated the imaginary and real part of dielectric
function for both stanane and ASnHNRs. Our calculations
were done for two directions of incident light polarizations, parallel and perpendicular to structures. For the
parallel polarization, as shown in Fig. 6a, the calculated
𝜀2 (𝜔) of stanane in the band gap area is zero, but in all
other energies, there are peaks indicating the absorption
of light. The major peak shows that stanane has a pronounced visible light and UV light adsorption. Therefore,
it posses great potential in photo-related applications. In
stanene, the main peaks are located at 5eV and continue up
to 10 eV with very low intensity [24]. Then, for this direction of polarization, adding hydrogen to stanene causes
an increase in the imaginary part of the dielectric field.
This enhancement will definitely affect on absorption.
When polarization is perpendicular, as shown in Fig. 6b,
𝜀2 (𝜔) is zero in visible light region and here are two main
peaks between 6.5 and 7.5 eV. As it is observed, stanane
exhibits remarkable decrease in light adsorption for the
perpendicular polarization compared to parallel. Actually,
adsorption of hydrogen on stanene has significant effect
on its electronic properties since it helps the saturation of

Fig. 6  The imaginary component of the dielectric function of stanane
for a parallel b perpendicular polarization
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bonds, hence, stanane is a semiconductor with direct band
gap at gamma point. So, the effect of this modified band
structure is evident on the optical properties. On the other
hand, the difference in light absorption for the perpendicular polarization compared to parallel one is a consequence
of the buckling and two-dimensional nature of the stanane.
The effect of anisotropy of the structure is very apparent
from this absorption spectra. Clearly, the transitions from
occupied valance states to unoccupied conduction states,
the optical matrix elements, are forbidden or very weak
apart from 5 to 10 eV range for perpendicular polarization.
Generally, in fully hydrogenated stanene optical spectrum
comparison with stanene, peaks have higher intensity, but
they are limited to the smaller. It means that, by adding
hydrogen to stanene, we can make a good transparent
material.
The real part of dielectric function of stanane was also
investigated for two directions of light polarization.
As shown in Fig. 7, there are dips in the amplitude of
𝜀1 (𝜔), and some of them attain a small negative value. When
𝜀(𝜔) is real and negative no radiation can propagate [31].
The negative values indicate the plasmonic excitation. There
is only a small negative value in 𝜀1 (𝜔) for the polarization
parallel to the stanane rages of 3.5–5.0 eV. The negative
values for the perpendicular polarization are greater compared to the parallel polarization’s values, and they are seen

Fig. 7  The real portion of the dielectric function of stanane for a parallel b perpendicular polarization
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Fig. 8  Absorption spectra of stanane for a parallel b perpendicularpolarized light

in the range of 6.7–10 eV. Thus, in this range, no radiation
can propagate. It is also observed that the static dielectric
constant (value of 𝜀1 (𝜔) at zero energy) equals to 1.8 for
perpendicular, and it equals 3 for parallel polarization. The
differences between the perpendicular and the parallel real
parts of dielectric function confirm the anisotropic behavior
of optical properties. After dielectric function, we presented
the absorption spectra of stanane in Fig. 8. The presence of
cutoff energy here confirms the presence of band gap in the
band structure.
For parallel polarized light, there are several peaks at
high intensity in all ranges of incident light energy. In comparison with the stanene, hydrogenated stanene is more
absorptive, especially for higher energies. For perpendicular polarization, our results from Fig. 8 indicate strong
light transmission in 0–5 eV and absorption in the range
of 6–10 eV. Absorption peaks originate of two main transitions between electronic states. Actually, the broad of these
∏ ∏∗
for the
peaks corresponds to the transitions from to
first peak and 𝜎 to 𝜎 ∗ for the second one. The results of our
calculations for the optical properties of stanane show that
they strongly depend on the direction of light’s polarization.
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Fig. 9  (Color online)The imaginary portion of the dielectric function of ASnHNRS for a parallel b perpendicular polarization. Labels
show the number of dimer lines along the ribbon direction

This anisotropic manner in stanane is more pronounced than
stanene [24]. In the following, we investigate the optical
properties of ASnHNRs. Figure 9 shows the imaginary part
of dielectric function for the ASnHNRs. In the band gap
area, 𝜀2 (𝜔) spectrum is zero. In the case of parallel polarization, transitions are happen for the energies more than band
gap energies immediately. This means that for the parallel polarization ASnHNRs can absorb the electromagnetic
waves if their energy is more than 1.5 eV. Several oscillations are seen in the range of 1.5–5 eV. There are two
peaks in 6.5–8.5 eV which also have low amplitude. With
increasing the nanoribbons’ width, the number of peaks in
this region decreases and a main peak grows between 3 and
4 eV. In stanane, these small peaks vanish completely and
they change to a broader peak. The amplitude (intensity) of
all peaks increase with the increasing of the nanoribbons’
width, and all peaks also shift to the lower energies. For
the perpendicular polarized, light peaks are in the range of
5–11 eV. However, up to 5 eV and also above 11eV 𝜀2 (𝜔)
goes to zero. When the ribbons’ width is increased, the
peaks are centralize. This means that there is no absorption at either low or high frequency. Then, for this direction
of polarization, ASnHNRs have a different manner. They
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Fig. 10. First of all, it is evident that the optical properties
of ASnHNRs are anisotropic with respect to the type of light
polarization from the comparison of Fig. 10a and Fig. 10b.
The differences between two polarizations are a consequence
of the selection rules raised from the electronic dipole transition matrix elements. In Fig. 10c, we show the absorption for
unpolarized light. Different peaks with various heights are
seen in a wide range. The highest peaks are located between
6-9 eV. For unpolarized light, both stanane and ASnHNRs
are good absorptive.

6 Conclusions
In conclusion, we have studied the structural, electronic, and
optical properties of fully hydrogenated stanene, stanane,
and armchair stanane nanoribbons (ASnHNRs) by DFTbased calculations. Our investigations show that stanane is
a semiconductor with the direct band gap of 1.2 eV. This
moderate value of the band gap makes stanane a good candidate for various applications. ASnHNRs are semiconductors
with a wide direct band gap, and their band gap decreases
with the increasing nanoribbons’ width due to the quantum
confinement effect. An investigation of optical properties
proves that the dielectric function strongly depends on the
polarization’s direction of incident light. Both stanane and
ASnHNRs have a completely different manner in absorption
for two directions of polarization. They are good absorptive
matter for parallel direction and transparent for the perpendicular polarized light.
Acknowledgements We acknowledge support by the Scientific and
Technological Research Council of Turkey (TÜBİTAK), Grant No.
(117F097) and by the EU-COST Action (CA16221).
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