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A B S T R A C T   

In this work, a new type of two-dimensional-based heterostructure PbI2/PtS2 has been constructed for the first 
time and its electronic properties and band alignment have been investigated systematically through first- 
principles calculations. Our results show that at the ground state, the PbI2/PtS2 heterostructure is mainly 
characterized by a weak vdW interaction. Moreover, such heterostructure forms a type-II band alignment and 
shows a semiconducting character with an indirect band gap of 1.90 eV. The band alignment in the PbI2/PtS2 
heterostructure can be controlled under the application of the electric field and vertical strain, which can result 
on the semiconductor to metal transition. These findings provide an effective approach for designing new 
electronic and optoelectronic nanodevices based on PbI2/PtS2 heterostructure.   

1. Introduction 

Owing to their superior properties, two-dimensional materials (2D) 
have been considered as the promising materials that can be widely used 
in high-speed electronic nanodevices [1–4]. To the best of our knowl
edge, among these 2D materials, 2D MoS2 crystal is one of the most 
considered material for device applications [5–7]. Different from semi
metallic graphene, MoS2 monolayer has been demonstrated to be a 
semiconductor, that makes it desirable material for high-speed elec
tronic nanodevices [6]. Due to a high carrier mobility of MoS2 mono
layer, Rdisavljevic et al. demonstrated that it can be used to fabricate a 
transistor with a high on/off ratios at room temperature [5]. Thus, 
seeking for new materials with desirable properties for the design and 
fabrication of the next-generation electronic nanodevices is currently 
attracting considerable interest in the research community. 

Looking beyond this field, single-layers of lead iodide (PbI2) and 
platinum disulfide (PtS2) have recently been extensively studied both 
experimentally and theoretically. The PbI2 monolayer is found to have 

an indirect band gap semiconductor and it can be obtained in experi
ment via hydrothermal method [8] or physical vapour deposition (PVD) 
[9]. Whereas, the PtS2 monolayer is known as an indirect band gap 
semiconductor with high carrier mobility of 1107 cm2/V [10]. Both the 
PbI2 and PtS2 monolayers have been demonstrated to be potential can
didates for next-generation electronic nanodevices, such as 
light-emitting field-effect transistor [11], solar cell [10,12]. 

Currently, one of the most effective approach, which can be used 
widely to break the limitations and to extend the application possibil
ities of single layer 2D materials, that is to construct their layered van 
der Waals (vdW) heterostructure (HS) [13–15]. To now, the vdW HS 
based on different 2D single layered materials can be synthesized easily 
in experiment via various common methods, such as chemical vapour 
deposition (CVD) [16–18], mechanical exfoliation [19,20] and so forth. 
Up to now, many vdW HS based on 2D materials have been proposed 
theoretically and fabricated experimentally, such as graphene-based HS 
[21–26], phosphorene-based HS [27–30], arsenene-based HS [31–33] 
and so on. One can find that these HS shows many interesting properties, 
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that do not exist in single layered 2D materials. To date, there exists a 
few research studies that have been focused on the vdW HS based on the 
PbI2 monolayer, such as PbI2/BN [34], PbI2/MoS2 [35], PbI2/phos
phorene [36] and on the PtS2 monolayer, such as PtS2/InSe [37]. 
However, to the best of our knowledge, up to date, there is no literature 
about the combination between the PbI2 and the PtS2 monolayers. Thus, 
we have a bold idea to construct a new PbI2/PtS2 HS and then investi
gate its electronic properties and band alignment engineering through 
DFT calculations. 

2. Computational methodology 

All the calculations in this work, including geometric optimization 
and electronic properties calculations were carried out through density 
functional theory (DFT) from the Quantum Espresso code [38]. The 
projector-augmented wave (PAW) method through the 
Predew-Burke-Ernzerhof (PBE) functional within the generalized 
gradient approximation (GGA) formalism were applied to describe 
electron-ion interactions and the exchange-correlation potentials. A 
plane wave basis set with a cut-off energy of 500 eV and a 6 � 6 � 1 
k-points grid in the Brillouin zone were used. Gaussian smearing was 
used to determine the partial occupancies for each orbital with the 
smearing width of 0.05 eV by convergence test. The atomic structures 

were relaxed using conjugate gradient algorithm as implemented in the 
Quantum Espresso code until the forces on all unconstrained atoms were 
smaller than 0.01 eV/Å. A vacuum region of 20 Å along the z direction 
was used to separate the two heterostructures in order to avoid spurious 
interaction due to the nonlocal nature of the correlation energy. The 
corrected dispersion DFT-D2 method of Grimme [39] is used to account 
for long range vdW interaction between monolayers PtS2 and PbI2. 
Moreover, in order to obtain an accurate description of atoms containing 
d-electrons, such as Pt and Pb atoms, we used a finite on-site Coulomb 
interaction by using the GGA þ U method for describing the 3d transi
tion metal atoms. We adopt an onsite Coulomb interaction of U ¼ 4.0 eV 
for Pt and U ¼ 8.5 eV for Pb atoms, respectively. 

3. Results and discussion 

Firstly, it shown be noted that monolayers of different types have 
different lattice constants. Thus, to study heterostructures ones need to 
construct supercells. One such supercell contains several cells of each 
monolayer. That makes the problem much more complicated. Before 
constructing the HS from PbI2 and PtS2 monolayers, it is necessary to 
check the lattice parameters of the single layered 2D materials. Our 
calculated lattice parameters of perfect PbI2 and PtS2 monolayers, 
respectively, are 4.68 Å and 3.54 Å, indicating a large lattice mismatch 

Fig. 1. (a) Top view, (b, c) side views of the PbI2/PtS2 HS after geometric optimization. D1 and D2 stand for the interlayer distances in the heterostructure.  

Fig. 2. Calculated band structures of single layers of (a) PbI2 monolayer (b) PtS2 monolayer, and (c) their PbI2/PtS2 HS.  
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of about 23%. It should be noted that the accuracy of the lattice 
parameter of PbI2 and PtS2 monolayers strongly depends on the k point 
mesh and cut-off energy. Thus, before constructing the heterostructure, 
we calculate the accuracy of the obtained results, as presented in Fig. S1 
(see ESI). To minimize this large mismatch, we use a supercell with 
(2 � 2) PbI2 supercell and (2

ffiffiffi
2
p
� 2

ffiffiffi
2
p

) PtS2 supercell. The overall 
lattice mismatch between two different monolayers in the HS is about 
3%. The most stable stacking configuration of the PbI2/PtS2 HS is pre
sented in Fig. 1. We then perform a full geometric optimization process 
and obtain the equilibrium interlayer distance D1 and D2, which are 
3.27 Å and 6.423 Å, respectively. Compared to that in other 2D heter
ostructures, which are typical vdW interactions, such as graphene/GaN 
[24] (D1 ¼ 3.28 Å), MoS2/SnS2 [40] (D1 ¼ 3.32 Å), graphene/SnS [41] 
(D1 ¼ 3.32 Å) etc, we can find that the interlayer distance in PbI2/PtS2 
HS has the same order of magnitude. In addition, one can observe that 
D1 is quite smaller that the sum of the vdW radii of interfacial S (1.80 Å) 
and I (1.98 Å) atoms. This suggests that the S and I layers are displaced 

and the atoms are not strictly on top of each other. Thus, we can 
conclude that the PbI2/PtS2 HS is a typical vdW system. 

The binding energy (Eb) is also established in order to evaluate the 
structural stability of the PbI2/PtS2 HS. Eb can be determined as 
Eb ¼ [EHS � EPbI2 � EPtS2 ]/N, where EHS, EPbI2 , and EPtS2 are the total en
ergies of the HS, isolated PbI2 and PtS2 monolayers, respectively. N ¼ 2 
stands for the number of PbI2 unit cells in the HS. The binding energy per 
PbI2 unit cell is calculated to be Eb ¼ � 0.59 eV. Such Eb value is more 
negative than that of previously typical vdW HS, such as MoS2/PbI2 [35] 
(Eb ¼ � 0.234 eV per MoS2 unit cell), phophorene/PbI2 [36] 
(Eb ¼ � 0.476 eV per phosphorene unit cell). The greater the binding 
energy is, the more stable the heterostructure becomes. Hence, our 
considered here heterostructures will be comparatively very stable. 
Also, this could be just more evidence for that the interaction between 
PbI2 and PtS2 monolayers in their heterostructures is mainly forced 
through vdW interactions. 

Now, we change to calculate the band structures of the isolated PbI2 

Fig. 3. (a) Schematic model of electric field, applied to the PbI2/PtS2 HS along the z direction. The evolution of the band gap (b) and the positions of the CBM and 
VBM, related to the Fermi level of the PbI2/PtS2 HS as a function of electric field. 

Fig. 4. Calculated electronic band structures of PbI2/PtS2 HS under different strengths of electric field E?: (a) E?¼ � 1.5 V/nm, (b) E?¼ � 1.0 V/nm, (c) E?¼ � 0.5 V/ 
nm, (d) E?¼ 0 V/nm, (e) E? ¼ þ0.5 V/nm, (f) E? ¼ þ1.0 V/nm, (g) E? ¼ þ1.5 V/nm. The Fermi level is defined by the dashed line and is set to be zero. 
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and PtS2 monolayers as well as their PbI2/PtS2 HS at the equilibrium 
state. These band structures are presented in Fig. 2. The calculated in
direct band gap of the isolated PbI2 and PtS2 monolayer, as illustrated in 
Fig. 2(a) and (b), respectively are 2.44 eV and 1.95 eV. The band 
structure of PbI2/PtS2 HS is illustrated in Fig. 2(c). It shows a semi
conducting character with an indirect band gap of 1.90 eV. It is clear that 
such band gap of HS is smaller than that of the parent 2D materials. The 
conduction band minimum (CBM) of PbI2/PtS2 HS comes from the CBM 
of PtS2 monolayer, whereas its valence band maximum (VBM) comes 
from the VBM of PbI2 monolayer. This indicates a type-II staggered-gap 
band alignment in PbI2/PtS2 HS. 

It is interesting that the electric field and strains can tune the elec
tronic properties of the heterostructures, the device performance thus 
can be also enhanced. Therefore, in order to extend the range of appli
cation of 2D materials based heterostructures, we further investigate the 
effects of the electric field and strain on the electronic properties of 
heterostructure. The electric field is applied along the z direction of the 
heterostructure, as illustrated in Fig. 3(a). The change in the band gap of 
HS under different strengths of the positive and negative electric fields is 
displayed in Fig. 3(b). The band gap increases from 1.70 eV to 2.30 eV 
with increasing electric field from � 1.5 V/nm to þ1.5 V/nm, respec
tively. The nature of this change can be described via the position of the 
VBM and CBM, related to the Fermi level and the band structures of such 
HS under different strengths of electric fields. Thus, in Figs. 3(c) and 4 
we plot the position of the VBM and CBM, related to the Fermi level of 
such HS as well as its band structures under different strengths of electric 
fields. The difference in energy between the VBM/CBM and the Fermi 
level is calculated as ΔV B ¼ EF - EVBM/ΔCB ¼ ECBM - EF. We can see that 
with increasing electric field from � 1.5 V/nm to þ1.5 V/nm the ΔCB 
increases, whereas the ΔV B decreases, as presented in Fig. 3(c). Inter
estingly, an increment of the ΔCB is larger than a decrement of the ΔV B 

when the electric field is applied. The band gap of the PbI2/PtS2 HS, 
therefore, increases with increasing electric field from � 1.5 V/nm to 
þ1.5 V/nm. By analyzing the band structures of the PbI2/PtS2 HS as 
presented in Fig. 4, one can see that applying negative electric field 
tends to the shift of the Fermi level from the VBM towards the CBM of 
the PbI2/PtS2 HS. On the other hand, applying positive electric field 
leads to the downshifting of the Fermi level from the CBM toward the 
VBM. Interestingly, our calculations demonstrates that the transition 
from semiconductor to metal can be achieved in the PbI2/PtS2 HS when 
the positive electric field is larger than þ2 V/nm. 

The effects of vertical strain on the band gap and band edge positions 
of the PbI2/PtS2 HS are presented in Fig. 5. It is clear that the vertical 
strain can modulate both the band gap and band edge positions of such 
heterostructure. And indeed, we can see from Fig. 5(a) that the band gap 
increases gradually with increasing interlayer distance D from 2.47 Å to 
4.07 Å. Like the band gap, the band edge positions of the PbI2/PtS2 HS 
also change when the vertical strain is tuned. The ΔV B reduces when we 
increase the interlayer distance D, whereas the ΔCB increases. Our cal
culations demonstrate that the ΔV B can reduce to zero when the inter
layer distance is larger than 4.2 Å. It indicates that the transition from 
the semiconductor to metal can be achieved with increasing the inter
layer distance. The change in the band gap and band edge positions of 
the PbI2/PtS2 HS can be explained by analyzing its band structures at the 
different interlayer distances, as displayed in Fig. 6. Indeed, we find that 
when the interlayer distance is reduced from 3.27 Å to 2.47 Å, the Fermi 
level of the PbI2/PtS2 HS is upshifted from the VBM toward the CBM. On 
the contrary, when the interlayer distance D increases from 3.27 Å to 
4.07 Å, the Fermi level of the PbI2/PtS2 HS tends to the downshifting 
from its CBM toward the VBM, leading to the increase/decrease in the 
ΔCB/ΔV B. Therefore, we can conclude that the vertical strain can be used 
to tune effectively the band gap and band edge positions of the PbI2/PtS2 

Fig. 5. The evolution of the band gap (a) and the band edge positions (b) of the PbI2/PtS2 HS as a function of the vertical strain.  

Fig. 6. Calculated electronic band structures of PbI2/PtS2 HS under different interlayer distances D: (a) D ¼ 2.47 Å, (b) D ¼ 2.87 Å, (c) D ¼ 3.27 Å, (d) D ¼ 3.67 Å, (e) 
D ¼ 4.07 Å. The Fermi level is defined by the dashed line and is set to be zero. 
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HS. 

4. Conclusion 

In conclusion, we have designed the PbI2/PtS2 HS and investigated 
its structural and electronic properties as well as the effects of electric 
field and vertical strain using DFT calculations. At the ground state, the 
PbI2/PtS2 HS is mainly characterized by a weak vdW interaction. 
Moreover, it exhibits a type-II band alignment and shows a semi
conducting character with an indirect band gap of 1.90 eV. The band 
alignment in the PbI2/PtS2 HS can be controlled when it subjected to the 
external conditions, including electric field and vertical strain. Our re
sults demonstrates that the external electric fields and vertical strains 
are efficient to tune the band gap and band edge positions of the PbI2/ 
PtS2 HS, which can result on the semiconductor to metal transition. 
These results may provide potential guidance towards PbI2/PtS2 HS- 
based electronic and optoelectronic nanodevices. 
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