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Single Layer Lead Iodide: Computational Exploration of Structural, 

Electronic and Optical Properties, Strain induced Band Modulation 

and the Role of Spin-orbital-Coupling  

 

Mei Zhoua, Wenhui Duana,d,*, Ying Chenb, Aijun Duc,*,  

Graphitic like layered materials exhibit intriguing electronic structures and thus the search for 

new types of two-dimensional (2D) monolayer materials is of great interest for developing 

novel nano-devices. By using density functional theory (DFT) method, here we for the first 

time investigate the structure, stability, electronic and optical properties of monolayer lead 

iodide (PbI2). The stability of PbI2 monolayer is first confirmed by phonon dispersion 

calculation. Compared to the calculation using generalized gradient approximation, screened 

hybrid functional and spin-orbit coupling effects can not only predicts an accurate bandgap 

(2.63 eV), but also the correct position of valence and conduction band edges. The biaxial 

strain can tune its bandgap size in a wide range from 1 eV to 3 eV, which can be understood 

by the strain induced uniformly change of electric field between Pb and I atomic layer. The 

calculated imaginary part of the dielectric function of 2D Graphene/PbI2 van der Waals type 

hetero-structure shows significant red shift of absorption edge compared to that of a pure 

monolayer PbI2. Our findings highlight a new interesting 2D material with potential 

applications in nanoelectronics and optoelectronics.  

 

Introduction 

Two-dimensional (2D) layered crystal materials, such as 

graphene, 1 silicene, 2, 3 germanene, 4-6 hexagonal boron nitride, 
7 and transition metal dichalcogenides 8-10 and black phosphorus, 
11 have attracted intensive research efforts due to their 

remarkable electronic properties and potential applications in 

the miniature electronics in recent years 12-17. Such 2D materials 

have been theoretically predicted and experimentally confirmed 

to possess novel properties which are different from or even 

better than their bulk counterparts. Up to now, a diverse range 

of intriguing properties of 2D materials have been revealed, 

highlighting the potential applications in energy, photonics and 

nano-electronics. However, the practical application based on 

the above 2D materials have serious band gap hurdles, i.e. the 

lack of obvious gap in graphene 1 and too large gap in boron 

nitride7. Single layer metal di-chalcogenides such as MoS2 

possess an appropriate band gap, but are strongly influenced by 

metal contacts, interface traps, charged impurities, dielectric 

environment, and structural defects. 10 Therefore the search for 

new types of 2D structures with proper band gaps is of 

paramount importance for next generation nano-device 

fabrication.  

Lead iodine (PbI2) is a metal halide that adopts the layered CdI2 

structural type. 18 The stacking order in an individual 2D PbI2 

layer is ABC rather than ABA. Several ordered polytypes of 
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PbI2 exist, 18-20 of which the most common polytype is 2H form 

(a= 4.56	�, c= 6.99	�), which is the most stable form when the 

PbI2 crystals are grown at room temperature. Bulk PbI2 is a 

direct band gap semiconductor with an energy gap around 2.5 

eV 21-26 with important applications as a room temperature 

detector material for both γ- and X-radiation. 27-29 In addition, 

PbI2 has been reported to be a good candidate for thin film 

transistors and can serve as precursor for the organo lead iodide 

perovskites employed in high efficient hybrid solar cells30-33. 

Various forms of PbI2 including thin films, nano-clusters, 

multiwalled nanotubes of lead iodide have been experimentally 

explored34-38. The successful growth of single-layered PbI2 

nanotubes within the carbon nanotubes was reported in most 

recent experiment39. Up to now, no theoretical research has 

been conducted in the single layer PbI2 nano-sheet regarding its 

structure, stability, electronic and optical properties. Strain has 

demonstrated to have remarkable effect in tailoring electronic, 

optical and transport properties of 2D semiconductors 40, 41 and 

a full analysis of the strain effect on the band gap and electronic 

structure of single layer PbI2 is highly desired. Additionally, 

spin-orbital-coupling42 in bulk PbI2 modifies the band gap 0.85 

eV26, which is about 1/3 of band gap. Thus, it is also expected 

to be significant in the monolayer PbI2 and is worth exploring. 

Hybrid PbI2 and carbon nanotube complex has been 

experimentally realized and an in-depth understanding of its 

electronic and optical properties is critical for future 

development of photonics device based on monolayer PbI2. 

In this paper, we have systematically investigated structure, 

stability, electronic and optical properties, and the effect of 

strain and spin-orbital-coupling in monolayer PbI2. The stability 

is first confirmed by phonon dispersion. Our results show that 

monolayer PbI2 is an indirect semiconductor with a predicted 

band gap of 2.63 eV. The band gap of monolayer PbI2 can be 

substantially tuned from 1 eV to 3 eV. Spin orbit coupling is 

significant, giving rise to a bandgap reduction of 0.71 eV. Most 

interestingly, interfacing electrically active graphene and single 

layer PbI2 form a 2D van der Waals type hetero-structure that 

can significant enhance the visible light response, suggesting 

potential applications in optoelectronics and photovoltaics. 

 

Computational Methods 

All calculations were carried out using the Vienna Ab-initio 

Simulation Package (VASP) codes 43,44. The Perdew-Burke-

Ernzerhof (PBE)45 generalized gradient approximation (GGA) 

exchange correlation functional with the projector-augmented 

wave (PAW) 46,47 methods were used for geometry optimization. 

Hybrid functional methods based on Heyd-Scuseria-Ernzerhof 

(HSE06) method 48, 49 were adopted to correct the intrinsic band 

problem in DFT50-53. In the HSE06 method, a fraction of the 

exact screened Hartree–Fock (HF) exchange is incorporated 

into the PBE exchange using a mixing parameter α = 0.25. The 

energy cut-off for the plane wave basis was set to 400 eV. A 

Monkhorst-Pack k-point mesh 9×9×1 and 41×41×1, was used 

to sample the two dimensional Brillouin zone for geometry 

optimization and density of states calculation respectively. The 

corresponding k-point mesh used for bulk calculation were 

11×11×7 and 15×15×11, respectively. The criterion for energy 

convergence was 10−6 eV. The atomic positions were fully 

relaxed until the residual Hellmann−Feynman force per atom 

converges to less than 0.01 eV/Å. The vacuum space is around 

20 Å, which is enough to avoid the interaction between 

periodical images. The spin−orbit coupling effect is also 

considered in the calculation. Phonon dispersion was carried 

out using the Phonopy54 code interfaced with the VASP code. 

In phonon calculations, a more stringent convergence criterion 

(10−8 eV for total energy and 10−4 eV/Å for Hellmann-Feynman 

Force) was employed. The frequency-dependent dielectric 

matrix was calculated for monolayer PbI2 and the hybrid 

Graphene/PbI2 structure. The long range van der Waals (vdW) 

interaction between monolayer PbI2 and Graphene is accounted 

by zero damping DFT-D3 method of Grimme.55 The imaginary 

part was determined by a summation over empty states using 

the equation: 56  

  

where the indices c and ν represent conduction (CB) and 

valence band (VB) states, respectively, and µck refers to the cell 

periodic part of the orbitals at the k-point. A large number of 

empty CB states (128 bands, four times occupied bands in our 

calculations) will be included for accurate summation in eq 1. 

 

Results and Discussions 
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The single layer PbI2 nanosheet takes a buckled honeycomb 

structure, in which a layer of Pb atoms is sandwiched between 

two layers of I-atoms (schematic representation in Fig. 1 (a) 

and (b), respectively). Each Pb atom is surrounded by 6 I-atoms 

forming a near-octahedral [PbI6]
4- unit, which is condensed to 

layers by sharing edges with six neighbouring octahedra. Our 

initial configuration of the monolayer PbI2 was obtained from 

the 2H phase PbI2 (P3m1).18 The optimized lattice constant and 

height of single layer PbI2, i.e. the distance between top and 

bottom I-Pb atom layers are 4.66 �  and 3.72 	�  respectively, 

which are in good agreement with the experimental bulk 

values39. Before the detailed electronic structure investigations, 

we firstly examine the dynamic stability of monolayer PbI2 by 

calculating its phonon band structure and the corresponding 

result is displayed in Fig. 1 (c).  We also provide phonon 

spectrum of single layer PbI2 with the polarity taken into 

account in Fig. S1. More discussions about phonon mechanical 

stability of monolayer PbI2 can be seen in the supporting 

information. Clearly, all phonon modes are positive, confirming 

that the quasi-two dimensional PbI2 monolayer is dynamically 

stable. 

 

FIG. 1. (color online) (a) and (b) Top and side view of the 

atomic structure of monolayer PbI2. (grey: lead, purple: iodine) 

The studied unit cell is indicated with black dashed rhombus. 

Lattice constant is labelled with a/b while the height due to 

buckled configurations is marked with h. (c) The phonon 

dispersion of monolayer PbI2. 

With the optimized monolayer PbI2 and confirmed dynamic 

stability, we now turn to study its electronic structure. Fig. 2 (a) 

presents the electronic band structure of monolayer PbI2 

obtained with the PBE functional. Bulk PbI2 is reported to be a 

direct band gap semiconductor of which the smallest gap 

appears at the surface of the Brillouin zone at points A57, which 

also has been confirmed by our calculations (see Fig. S2). In 

single layer PbI2, the original A (H and L) point of bulk 

Brillouin zone folds back to Γ (K and M) point, so that the 

original A-H and A-L directions project onto the Γ-K and Γ-M 

directions of monolayer. While the conduction band minimum 

(CBM) is still located at Γ point, the valence band maximum 

(VBM) shifts away from Γ point. Results from our calculations 

confirm that the VBM transfers about 1 � 3 away from Γ point. 

Therefore, monolayer PbI2 becomes an indirect semiconductor 

with a band gap ∆2 of 2.51 eV, which is about 0.37 eV smaller 

than direct band gap ∆1. Together with CB and VB, we define 

another two VBs of monolayer PbI2 (labelled as VB-1, and VB-2) 

around the Fermi level as shown in Fig. 2 (a).  

 

FIG. 2. (colour online) Electronic structure of the monolayer 

PbI2. (a)  Band structure of monolayer PbI2 calculated with 

PBE functional. One conduction state (CB) and three valence 

states (VB, VB-1, and VB-2) are marked in the panel (a). ∆1 and 

∆2 denotes direct and indirect band gap respectively. (b) Partial 

charge density plots for the four marked states of monolayer 

PbI2 at Γ point illustrated in the xy and yz planes with an 

isosurface of 0.05 e/Å-3. (grey: lead, purple: iodine) 

 

In order to obtain more information on the change of states near 

the Fermi level, band-decomposed charge density of these four 

bands are calculated at Γ point as depicted in Fig. 2 (b) . Similar 

to bulk PbI2
57-59, p orbitals dominate the CB and VB states of 

monolayer PbI2. More detailed analysis revealed that 6 pz like 

orbitals of lead contribute mainly to the conduction band and 

5pz orbitals of iodine and 6s orbitals of lead contribute to the 
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valence band VB. Unlike the mixed features of CB and VB, 

VB-1, and VB-2 contain pure 5px orbitals and 5py orbitals from 

iodine, respectively. From bulk to quasi two dimensional PbI2, 

the most significant change goes to iodine atoms due to their 

special positions in the layers, while strong effect from 

neighbouring layers is gone. Thus, this confinement effects that 

affect valance bands with contribution mainly from iodine 

atoms at A point tune PbI2 from a direct band gap in bulk form 

to an indirect band gap semiconductor in 2D monolayer form. 

It is important to note that the spin-orbital coupling (SOC) 

interaction in heavy elemental Pb (0.89 eV)60 and I (0.95 eV) 61 

atoms and bulk PbI2
26 are significant. Therefore, it is expected 

to be vital in monolayer PbI2 and need to be included. In fact, 

as depicted in Fig. 3 (a) and (b), the presence of SOC 

substantially lowers CBM by 0.60 eV and raises the VBM by 

0.11 eV using the PBE functional, thereby reducing the band 

gap of monolayer PbI2 up to 1.80 eV. Compare to bulk PbI2 

(see Supporting Information), the spin orbit coupling energy 

doesn’t change too much. The standard PBE functional is well 

known to underestimate the bandgap of monolayer PbI2, but the 

bandgap can be partially corrected by the screened hybrid 

HSE06 functional. Fig. 3 (c) displays band structure of 

monolayer PbI2 calculated by using HSE06 functional and 

incorporating SOC effect. Compared to the PBE calculation 

with SOC (see Fig. 3a and 3b), HSE06 functional raises the 

CBM about 0.28 eV and lowers the VBM 0.55 eV, amending 

the band gap to 2.63 eV. Although the PBE calculation without 

SOC effect predicts a similar gap (2.51 eV) as obtained with the 

HSE06 functional and SOC interaction, the energy level of 

CBM and VBM are fully incorrect as illustrated in Fig. 3(d), 

potential leading to qualitative errors when predicting the 

position of defect energy level, band alignment and optical 

properties. Such an effect has been recently reported in a 

similar system, i.e. lead organic-inorganic lead iodide 

prevoskite solar cell materials62. Therefore, the use of HSE06 

functional and spin orbit-coupling correction is important in 

obtaining the accurate electronic structure in monolayer PbI2.  

We also provide theoretical predictions for the charge carrier 

mobility of monolayer PbI2. In order to calculate the carrier 

mobility, we construct a supercell √3 � 1	with a 	 8.07	�, b 	

4.66	�  as shown in Fig. S5 (a) (red dash rectangle). The 

predicted carrier mobility of monolayer PbI2 is generally not 

very large, but asymmetric between electrons and holes, where 

electrons are more mobile than holes in both x and y directions. 

The electron mobility along the x direction is estimated to be 

122.22 cm2V-1s-1, which is comparable to that of monolayer 

MoS2 (~217 cm2V-1s-1)63 and Si thin film (~121 cm2V-1s-1)64. 

The details of discussions and method can be found in 

Supporting Information. 

 

FIG. 3. (color online) Electronic structure of monolayer PbI2 

calculated with PBE functional without (a) and with (b) spin-

orbit coupling effect (PBE+SOC), HSE06 functional with (c) 

spin-orbit coupling effect (HSE+SOC) , respectively. (d) CBM 

and VBM calculated using PBE, PBE+SOC, and HSE+SOC 

calculations. 

 

Now we turn to study the strain effect on the electronic 

structure of monolayer PbI2. Various lattice parameters along 

lattice vector of a/b direction are chosen. A biaxial strain is 

defined as ε =∆a/a0, where a0 is the equilibrium lattice constant 

at zero strain and ∆a is the difference between the frozen and 

optimized lattice constant along lattice vector a/b direction, 

respectively. The positive and negative values of strain 

correspond to lattice expansion and compression, respectively. 

Starting with the fully relaxed PbI2, we choose strain within the 

range of ± 20% to explore its effect on the band gap modulation. 

According to our calculations, the minimum of the bond 

between I and Pb in monolayer PbI2 under various strains is 

larger than the sum of outmost cutoff radius of I and Pb atoms 

in the PBE pseudopotential, which suggests the results obtained 

from this pseudopotential for PbI2 can be seen as reliable. 

(More discussions can be found in Supporting Information) In 

order to study the mechanical stability of PbI2 under biaxial 
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strain, we have calculated a stress-strain curve as shown in Fig. 

S4 with a strain ranging from -25% to 25%. Our results clearly 

indicated that the 2D PbI2 layers could sustain 10-20% strain. 

Since the elastic strain limit of graphene has been demonstrated 

to be around 20% by experimental results65 and that of the 

single layer TMDs (transition metal dichalcogenides) is about 

11%66,67, we can expect that the critical strain of monolayer 

PbI2 bears can also be realized by experiment in the near future. 

(More discussions can be seen in Supporting Information). 

As depicted in Fig. 4, the calculations with the PBE functional 

predicted a linear decrease of band gap with increasing tensile 

strain. The band gap increases continually as a function of 

compressive strain and reaches up to the maximum at a strain 

of around -8%, after which drops sharply. Including the spin 

orbit interaction and the correction from the HSE06 functional, 

we obtain more accurate band gap in monolayer PbI2 as a 

function of strain shown in Fig. 4. Obviously, the general trends 

of biaxial strain effects on the band gap variation of monolayer 

PbI2 is similar, irrespective of the choice of functional and the 

inclusion of SOC effects. It should be also noted that the band 

gap of monolayer PbI2 can be greatly modulated even at a 

compressive/tensile strain up to 20%. However, monolayer PbI2 

is elastic and mechanically stable only when the strain value is 

within 10% according to our calculation. A wide range band 

gap value of monolayer PbI2 (1-3 eV) can still be obtained 

when strain changed from -10% to +10%. A desirable gap 

might be obtained in single layer PbI2 for potential electronics 

and optoelectronics application by applying moderate biaxial 

strain. 

 

FIG. 4. (color online) Band gap of single layer PbI2 as a 

function of biaxial strain predicted by PBE (blue circle) and 

HSE06 (red triangle) with spin orbit coupling effect, PBE 

calculations without orbit coupling effect (black pentagon).  

 

Fig. 5 presents the band structure of monolayer PbI2 at various 

strains. It can be seen clearly that increasing tensile strain 

reduces the width of CB notably and shifts down the position of 

CBM. In contrast with CBM, the VBM shifts about 1 � 3 away 

from Γ point to K point (after 5%) and then to M point (after 

15%). As a result, the monolayer PbI2 still remains to be an 

indirect gap semiconductor. In the case of compressive strain, 

both CBs and VBs can be significantly changed. The CBM is 

pushed up before the strain of -10% but VBM is slightly 

changed, leading to a wider band gap for single layer PbI2. 

After the critical strain of -10%, the CBM transfers to M point, 

while the VBM is moving towards Γ point. Increasing 

compressive strain induces large dispersion for both CBs and 

VBs and the pull-back of CBM towards the Fermi level. 

Consequently, the band gap of monolayer PbI2 reduces, but still 

remains to be indirect. 

 

FIG 5. (color online) (a-i) Hybrid functional HSE06 predicted 

band structures of PbI2 with different values of biaxial strain 

with spin orbit coupling effect. Red dashed lines are guide for 

viewing the energy shifts of VBM and CBM. (solid lines: red: 

CB, ball blue: VB, bright pink: VB-1, blue: VB-2 ) 

 

Further analysis indicated that the bond length between Pb and 

I atoms is nearly unchanged, but the height of monolayer PbI2 

increases linearly with the decreasing biaxial strain from tensile 

to compressive. In a single layer PbI2 nanosheet,68  the lead ions 

sit at a strong electric field induced by the tightly bound 

negative iodine ions on each side. Based on the assumption that 

there exists an electric field between Pb and I layers, the 
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increasing height will lead to a uniformly reduction of electric 

field strength and thus the band gap.  

 

FIG. 6. (color online) (a) Top and (b) side views of the 

graphene/PbI2 supercell, which corresponds to a √3 � √3 

graphene cell and a 1� 1 PbI2 cell. (The light brown: carbon, 

grey: lead and purple: iodine). (c) The calculated imaginary part 

of the dielectric functions of monolayer PbI2 (red solid line) and 

the hybrid graphene/PbI2 (blue solid line) structure for the light 

incident in the c (z) direction and polarized along a/b (as 

indicted in Fig. 1) direction, respectively. 

 

As shown above, the bandgap of PbI2 monolayer is 2.63 eV 

which may only show marginal visible light absorption, but 

need to be further improved for developing potential 

application in optoelectronics and photovoltaics. Recent 

experiments69-72 have shown that the combination of highly 

conductive graphene and optically active molybdenum 

disulphide (MoS2) into a new family of 2D van der Waals (vdW) 

hetero-structure can photo-excite electron-hole pairs within 

MoS2's band-gap, allowing achieving enhanced photocurrent in 

the visible light region. Carbon nanotube encapsulated within 

single layer PbI2 nanotube has been fabricated in most recent 

experiment.39 One intrigue question is whether the 

experimentally realized nanohybrid between carbon and PbI2 

can enhance the visible light response. To explore this, we have 

carried out systematic studies on the optical property of 2D 

graphene/PbI2 vdW hetero-structure (G/PbI2) to compare with a 

pure PbI2 monolayer using state-of-the-art hybrid functional 

method. A √3 � √3 Graphene cell and a 1 � 1 PbI2 cell were 

adopted to simulate the hybridized structure with a lattice 

mismatch of 8%. Note that we have kept the lattice vector of 

monolayer PbI2 fixed and the lattice constant of graphene is 

elongated to match the substrate PbI2. It should be noted that 

such a mismatch is not expected to affect our conclusion 

because graphene can sustain tensile stress as large as 20% with 

gapless gap maintained73,74. Fig. 6 (a) illustrates the optimized 

crystal structure of 2D vdW G/PbI2 nanohybrid. The distance 

between monolayer PbI2 and graphene is calculated to be 3.74 

Å. In Fig. 6b, we present the calculated the imaginary part of 

the dielectric function for a pure PbI2 monolayer and the hybrid 

G/PbI2 complex, respectively. Indeed the pure PbI2 monolayer 

only shows marginal adsorption of visible light. However the 

2D vdW G/PbI2 heterostructure displays the enhanced visible 

light absorption and the red light shift of absorption edge is as 

large as 1.5 eV compared to that in a pure monolayer PbI2. 

Since G/PbI2
 nano-hybrid has been realized in recent 

experiment39, our finding highlight an interesting material for 

potential application in building novel 2D photonics and 

photovoltaic devices. 

 

Conclusions 

We have systematically studied the structure, stability, 

electronic and optical properties, and the effect of strain and 

spin-orbital-coupling in monolayer PbI2 using the first principle 

method. Our phonon dispersion calculation confirms the 

dynamic stability of monolayer PbI2 nanosheet. Spin-orbit 

interaction proves to be significant for monolayer PbI2 and will 

give rise to a band gap reduction of 0.72 eV. Compared to the 

standard PBE functional, the electronic structure calculation 

with screened hybrid functional (HSE06) and the inclusion of 

spin-orbit coupling effect predicts not only an accurate band 

gap (2.63 eV), but also the correct energy level positon for 

CBM and VBM. Furthermore, biaxial strain can significantly 

tune the band gap of monolayer PbI2 from 1 eV to 3 eV. Most 

interestingly, interfacing electrically active graphene with 

single layer PbI2 nanosheet to form a 2D vdw type hetero-

structure can substantially enhance the visible light response, 

suggesting potential applications of vdw nanohybrid in novel 

2D optoelectronics and photovoltaics. 
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