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1. INTRODUCTION

Recently, two-dimensional semiconductors have been attracted significant
attention and scientific researchers’ focus due to their vast diversity properties
and characteristics [1, 2]. One of the best candidates for optoelectronic and
nanoelectronics properties are transition metal dichalcogenides semiconductors
(TMDs) i. e. hafnium disulfide (HfS2), tungsten disulfide (WS2), and
molybdenum disulfide (MoS2) [3-5]. So that, the MoS2 and WS2 have direct
band gaps which categorized at the visible range while HfS2 monolayer
represents the indirect band gap and also exciting electronic and optical
properties with sandwich layered structure [6, 7]. Moreover, the octahedral
symmetry HfS2 (1T) monolayer is a direct semiconductor (Eq= 1.29 eV), and it
illustrates alternative significant properties i. e. chemical stability, reasonable
band gap, mechanical flexibility, and ultrahigh room temperature carrier
mobility [6, 8, 9], such promising properties make this TMD useful candidate
for thermoelectric, photodetectors, field-effect transistors, phototransistor, and
photocatalyst [6, 10].

HfX2 (X: S and Se) is a member of the two dimensional TMDs family (the IV
group of chalcogenides) which their unique properties are presented in previous
surveys [11-13]. Hf-based experimental studies on the bulk and monolayer HfS2
structures have been performed and the results show that this material is highly
likely prone to having current density and large electron mobility to be suitable
material for electronic applications [14-19]. Moreover, first-principles
calculations illustrate that the increasing thickness and tensile strain result in a
slight increase of bandgap [11, 20]. The band structure analysis results of HfS2
structure shows the primary effect of hafnium atoms on the conduction band and
the sulfur atoms on the valence band [21]. Moreover, previous investigations
reveal that the T-HfS2 structure is the most existable and energy favorable
structure among all possible phases [22, 23].

In current research, the electronic properties of layered T-HfS2 nanoribbon
structure (zigzag and armchair chiralities) and also the effect of different atoms
at the edge and vacancy point defects on this structure are investigated by using
first-principles methods. In this research, the zigzag and armchair nanoribbons
of HfS2 structure are nominated as ZHfSNR and AHfSNR. The possible width
of two ZHfSNR and AHfSNR structures (denotes as N) have considered N = 6
across the ribbon width which is the least feasible number according to the
literature. First, we have applied Hydrogen and Oxygen atoms to the edge of
these two chiralities and second, investigated the influence of various point
vacancies (as defect) on these structures. Moreover, all electronic and electrical
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behaviors of the relevant structures have been studied based on DFT
calculations.

2. THEORY AND METHOD

In current research, the DFT based simulations are performed with Quantum

espresso package [24] and the GGA (generalized gradient approximation) of the
PBE exchange-correlation functional (Perdew-Burke-Ernzerhof) [25, 26]. The
K-Point grids are set tolx21x21, 1x1x21 and 1x1x22 to calculate the electronic
properties of HfS2 monolayer and also its zigzag and armchair nanoribbons,
respectively. The cutoff energy and the residual force of the structures are set to
300 Ry and 0.05eV/A, respectively. A vacuum space is set to 15 A across the
non-periodic directions to avoid image effects.
DFT is a reputable method for efficient and accurate calculation of ground state
properties in very large systems [27-29]. Practical applications of DFT depend
on the approximate exchange correlation energy. Despite the success of the
LDA, the GGA modifies the performance of LDA. Alternatively, an empirical
parameter-free GGA known as Perdew Burke Ernzerhof (PBE)-GGA can be
constructed by assuming that the GGA obeys specified fundamental constraints.
In general, the PBE-GGA function has many applications for executing real
calculations and also as a foundation for functional derivatives [30-33].

3. RESULTS AND DISCUSSIONS

The influences of various atoms (ho atoms, Hydrogen and Oxygen atoms) on
electronic and electrical properties of two HfS2 nanoribbons (zigzag and
armchair) are investigated and the calculated electronic results are illustrated in
Fig. 1. The optimized atomic structures, bandstructure analysis and density of
states (DOS) analysis of zigzag and armchair HfS2 monolayer nanoribbons with
different edges (bare, hydrogen atoms and oxygen atoms) are illustrated in Fig.
1.

The calculated data reveal that HfS2 behaves as an indirect semiconductor and
its energy bandgap is 0.99 eV (Fig. 1 and Table 1) which is in good
confirmation with recent research [34]. According to Table 1 and edge
formation energy calculations [35], 6ZHfSNR-O nanoribbon is the most stable
structures among all with considerable semiconducting behavior (its bandgap is
0.43 eV). Moreover, 6AHFSNR-O nanoribbon (band gap = 0.58 eV) is the most
stable one and possesses the more negative amount of the edge formation
energy. Table 1 shows that all structures with different edges (both zigzag and
armchair nanoribbons) are energy favorable and some of them illustrate very
interesting semiconducting behavior. Moreover, DOS calculations are
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performed to verify the effects of different edge passivation and point vacancy
defects on electronic behavior of HfS2 nanoribbons.

TABLE 1
THE CALCULATED RESULTS OF THE HFS2, 6ZHFSNR, 6ZHFSNR-H, 6ZHFSNR-O,
6AHFSNR, 6AHFSNR-H, AND 6AHFSNR-O OPTIMIZED STRUCTURES

Structure E+ (EV) Eq (EV) Eedge-formation (EV)
HfS2 -4.77 0.99

6ZHfSNR -4.04 0 -4.96
6ZHfSNR-H -5.03 0.95 -4.94
6ZHfSNR-O -5.00 0.43 -6.76

6AHfSNR -4.62 1.35 -2.86
6AHTSNR-H -3.90 0 -2.62
6AHTSNR-O -5.27 0.58 -3.70

In the following, the 6ZHfSNR and 6AHfSNR structures are considered as
pristine ones. Then, the influence of different types of defects on these structures
has been studied. The optimized atomic structures of 6ZHfSNR and 6 AHfSNR
with various types of defects i.e. 1Hf, 2Hf, 1S, 2S-1, 2S, 3S, 6S, and 1Hf+1S are
illustrated in Fig. 2 and 3. The results reveal that four zigzag structures
(6ZHfSNR-1Hf, 6ZHfSNR-2Hf, 6ZHfSNR-2S-2, and 6ZHfSNR-3S-2) behave
as metal and others are semiconductors with very small gaps. Moreover, the
lowest defect formation energies of 6ZHfSNR-1S and 6 AHfSNR-1S structures
reveal that they are the most energy favorable structures. The results of band and
DOS calculations show that zigzag structures behave as metal and
semiconductor but all defective armchair structures have band gaps especially
6AHFSNR-1Hf and 6AHfSNR-1Hf+1S structures and their E4 are 0.63 eV and
0.95 eV, respectively. Table 2 presents all calculated data.
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Fig. 1. The relaxed atomic structures, band and DOS results of HfS2 and their
nanoribbons with different edges i. e. 6ZHfSNR, 6ZHfSNR-H, 6ZHfSNR-O, 6AHfSNR,
6AHFSNR-H, and 6AHfSNR-O structures.
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Fig. 2. The optimized atomic structures, band and DOS results of 6ZHfSNR with

various defects of 1Hf, 2Hf, 1S, 2S, 3S, 6S, and 1Hf+1S.
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Fig. 3. The optimized atomic structures, band and DOS results of 6AHfSNR with
various defects of 1Hf, 2Hf, 1S, 2S, 3S, 6S, and 1Hf+1S.
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TABLE 2
THE FERMI ENERGY, BAND GAP ENERGY, AND DEFECT FORMATION ENERGY OF
6ZHFSNR AND 6AHFSNR STRUCTURES WITH VARIOUS DEFECTS OF 1HF, 2HF, 1S,
2S, 35S, 6S, AND 1HF+1S

Structure = (EV) Eq (EV) E defect-formation (EV)
6ZHfSNR-1Hf -4.48 0 5.64
6ZHfSNR-2Hf -4.55 0 11.90

6ZHfSNR-1S -3.84 0.07 2.96
6ZHfSNR-2S-1 -3.82 0.02 5.33
6ZHfSNR-2S-2 -3.78 0 5.63
6ZHfSNR-2S-3 -3.84 0.03 5.34
6ZHfSNR-3S-1 -3.79 0.02 9.73
6ZHfSNR-3S-2 -3.76 0 10.76

6ZHfSNR-6S -3.76 0.03 23.93

6ZHfSNR-1Hf+1S -4.39 0.07 6.93
6AHfSNR-1Hf -5.30 0.17 8.57
6AHFSNR-2Hf -4.96 0.63 13.75

6AHTSNR-1S -3.87 0.11 3.74
6AHfSNR-2S-1 -3.85 0.07 8.50
6AHfSNR-2S-2 -3.82 0.02 7.77
6AHfSNR-2S-3 -3.85 0.09 8.13
6AHfSNR-3S-1 -3.87 0.11 10.31
6AHFSNR-3S-2 -3.90 0.11 10.59

6AHFSNR-6S -3.73 0.15 23.42

6AHfSNR-1Hf+1S -4.21 0.95 7.41

The presence of H and O atoms at the edge of zigzag and armchair HfS2
nanoribbons and also the defects seem to affect their electronic properties, in
consequence, it is to be expected that the transport properties of such devices
change significantly. In order to evaluate the electron transport characteristics (I-
V) of edge passivated and defective structures, we simulated all zigzag and
armchair structures by using of non-equilibrium Green’s function (NEGF)
method. These relevant devices have constructed from two semi-infinite HfS2
nanoribbons, left and right leads, and a middle finite HfS2 nanoribbon
(scattering region). The current-voltage curves of edge passivated structures are
presented in Fig. 4 (a, b, ¢, d). According to the results, 6ZHfSNR and
6AHfSNR-H structures are metal and show drastic current by applying bias
voltage and other structures behave as semiconductors. The calculated curves
and data verify the band structure analysis. Moreover, the current-voltage
characteristics of defective structures are depicted in Fig. 5 (a, b) and according
to the results, the defective structures follow the electronic behavior of the
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pristine structures so that zigzag structures show metallic behavior to some
extent and armchair ones act as semiconductors. Plus, applying defects change
the amount of current significantly. The largest values of current belong to the
6ZHfSNRand 6AHfSeNR-6S. The results are also in suitable confirmation with
the electronic properties in Table 2. The negative differential resistance (NDR)
shown in the calculated current of some structures is promising for further
nanoelectronics and nanosensors applications.
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Fig. 4. The I-V characteristics of a) 6ZHfSNR, b) 6AHfSNR, c) zoom view of
6ZHfSNR and d) zoom view of 6AHfSNR structures with different atoms at the edge.
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Fig. 5. The I-V characteristics of a) 6ZHfSNR and b) 6AHfSNR structures with
different types of defects i.e. 1Hf, 2Hf, 1S, 2S, 3S, 6S, and 1Hf+1S.

The emergence of NDR in two-dimensional materials is the resonant tunneling
phenomenon. In fact, in this phenomenon, the performance of the two-
dimensional material is the same as the performance of a tunnel diode, in which
the maximum amount of current occurs when the capacitance band and the
conduction band move outward. Then, increasing the bias voltage causes the
aforementioned bands to cross over each other and the current decreases to the

minimum point (valley point), afterward the current increases normally (like a
tunnel diode) [36].

4. CONCLUSION

The transport and electronic properties of the zigzag and armchair HfS2
nanoribbons with 6 atoms across the width in presence of H and O atoms at their
edges and different types of defect are presented. The defect types are 1Hf, 2Hf,
1S, 2S (3 types), 3S (2 types), and 1Hf+1S in the pristine 6ZHfSNR and
6AHfSNR structures. According to the results, the edge passivated structures
with hydrogen atoms are stable and energy favorable. Moreover, some zigzag
defective structures behave as metal while the armchair ones are all
semiconductor. The I-V characteristics of simulated structures verify the

electronic behavior of them. Also, the observed NDR behaviour in the I-V
curves is interesting and outstanding.
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