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Perovskite materials can have self-passivated surfaces without resorting to reconstructions or other 
passivating agents. This feature renders perovskite materials intrinsically suited for making two-
dimensional (2D) materials. Previous studies often considered the structure of 2D perovskites to be directly 
terminated from the bulk. However, octahedron rotation (OR) being the distinctive structural feature of 
perovskite materials appears to be an unexplored degree of freedom in 2D. In this work, the OR patterns in 
2D perovskites are systematically studied for the first time by employing an adapted Glazer’s notation. It 
is found that as the slab thickness is below several unit cells, the OR pattern deviates from that of the bulk 
suggesting that the OR is worth attention in future studies on 2D perovskites. From an application point of 
view, the OR provides a novel tuning knob for enhancing the properties of 2D materials, which is absent in 
existing 2D materials, such as graphene and transition metal dichalcogenides.  
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Octahedron rotation evolution in 2D perovskites and its impact on 
optoelectronic properties: the case of Ba-Zr-S chalcogenides†
Chen Ming,a Ke Yang,b, c Hao Zeng,d Shengbai Zhangb and Yi-Yang Sun*a

Octahedron rotation (OR) is a unique structural feature in most perovskite materials. During dimensional reduction from 
bulk to two-dimensional (2D) perovskites, how the OR pattern evolves is still an open question. Here, we employ an adapted 
Glazer’s notation from bulk perovskites to systematically study the structural evolution of 2D perovskites by fully considering 
the possible OR patterns. Applying this approach to 2D Ba-Zr-S system, we establish the relation between the OR pattern 
and slab thickness. It is found that as the thickness decreases, the OR pattern undergoes a transition by suppressing out-of-
plane rotations. The OR in 2D chalcogenide perovskites could result in an anti-confinement effect, i.e., reducing the band 
gap to even below that of the bulk by countering the quantum confinement effect. In addtion, we show that the Ba-Zr-S 2D 
perovskites exhibit reasonable electron mobility of ~150 cm2 V-1 s-1 and large exciton binding energy of ~0.9 eV. Combining 
the slab thickness and strain as effective knobs for widely tuning the electronic structure, we suggest the 2D chalcogenide 
perovskites as promising optoelectronic materials.

Introduction
Perovskite materials are well known for dielectric applications 
owing to their excellent piezoelectric and ferroelectric 
properties.1, 2 In recent years, the advent of halide perovskites 
for photovoltaic and optoelectronic applications has 
established this old family of materials as semiconductors. The 
perovskite semiconductors, particularly the halide perovskites, 
have been found to exhibit unique combinations of 
optoelectronic properties, such as ultra-long carrier lifetimes3-5 
and extraordinary defect tolerance.6-9 These exciting findings 
and their applications in devices have ignited a wave of research 
in the past several years.10-13 However, the stability of halide 
perovskites and the use of lead in these materials have hindered 
their applications.11, 14, 15 Alternative perovskites that can 
mitigate the shortcomings, while preserving the desired 
properties, of halide perovskites are under intensive research.

Chalcogenide perovskites (CPs) have recently been 
proposed for photovoltaic applications.16-18 Also, it has been 
experimentally demonstrated to exhibit excellent light-emitting 
properties.19 Experimental efforts have been made to explore 
the optical properties of some of the proposed materials.17, 20, 21 

BaZrS3 is one of the promising candidates among CPs for 
photovoltaic applications, which is air stable, environmental 
friendly and contains only earth-abundant elements.17, 20-22 The 
band gap (Eg) reported for BaZrS3 is from 1.74 to 1.85 eV.17, 21 Ti-
doping has been attempted to further reduce Eg for optimizing 
solar light absorption.23 Thin films of BaZrS3 have also been 
prepared and their electronic and optical properties were 
reported.24 With these efforts, CPs are poised to emerge as a 
new family of semiconductor materials. Ruddlesden-Popper 
(RP) phase of chalcogenides as a derivative perovskite structure 
has also been explored for optoelectronic applications.25-28

Dimension reduction is a strategy for tuning the material 
properties. As a material approaches the two-dimensional (2D) 
limit, the physical properties could be dramatically changed 
from those of bulk due to quantum confinement effects. Typical 
examples include graphene and transition metal 
dichalcogenides (TMDs), which exhibit distinctly different 
properties compared with their bulk counterpart.29, 30 
Monolayer-thick perovskites were first reported for the halide 
perovskite (C4H9NH3)2PbBr4, where an unusual structural 
relaxation has been observed which leads to a band gap shift as 
compared to the bulk crystal.31 More recently, freestanding 
oxide perovskites as thin as one unit cell have been fabricated 
and it has been found that BiFeO3 exhibits giant polarization 
when approaching the monolayer limit.32 2D oxide perovskites 
have also been theoretically predicted to exhibit strongly 
enhanced ferroelectricity.33 Before proceeding further, we note 
that there have been many studies referring to the layered 
perovskites as “2D perovskites”, such as the RP and 
Dion−Jacobson phase,34 where perovskite layers periodically 
stack into bulk structure. But here we define 2D perovskites as 
thin perovskite slabs bounded by vacuum.
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2D perovskites are different from the common 2D materials 
like graphene and TMDs. The latter are derived from layered 
materials, where interlayer interaction is typically weak van der 
Waals force so that the 2D structures change little from the 
bulk. However, bulk perovskite materials are 3D-bonded 
materials exhibiting more complex structural features, notably 
octahedron rotation (OR) and symmetry-breaking displacement 
of transition metal ions within the octahedra. Thus, there is 
additional structural degree of freedom enhancing the 
tunability of 2D perovskite properties compared with layered 
materials through dimension reduction. However, there has 
been no systematic study on the detailed atomic structures of 
2D perovskites with respect to OR pattern, even though atomic 
structures are usually the starting points for quantitatively 
studying all other properties.

In this paper, by taking Ba-Zr-S system as a demonstrating 
example, we show how the atomic structures of 2D perovskites 

could drastically deviate from bulk perovskites. The approach 
proposed here is to adapt the Glazer’s notation to the 2D 
perovskites. This notation was developed for classifying the 
types of ORs in bulk perovskites. With this approach, we are 
able to systematically evaluate the stability of all possible OR 
patterns and determine the most stable structure at a given 
thickness, so that the relation between the OR pattern and the 
thickness of 2D perovskites can be established. The OR is found 
to affect the electronic structure of 2D perovskites in a 
nontrivial way. In addition, strain is found to readily tune the 
OR. The new understanding on the OR patterns is expected to 
provide a guidance in the development of 2D perovskites.  
Meanwhile, the wide tunability of the band gap by thickness 
and strain, combined with the calculated reasonable electron 
mobility (~150 cm2 V-1 s-1) and large exciton binding energy 
(~0.9 eV) renders the 2D chalcogenide perovskites promising 
optoelectronic materials. 
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Fig. 1. (a) Atomic structures illustrating the evolution from 2D perovskites to the bulk perovskite. Using the Ba-Zr-S system as an example, the 
general chemical formula is Ban+1ZrnS3n+1. (b) 18 octahedron rotation patterns according to an adapted Glazer’s notation, which end up with four 
inequivalent structures after structural relaxation in Ba2ZrS4 (n = 1). The lower panels show the side and top views of the optimized structures. Ba, 
Zr and S atoms are represented by gray, green and yellow spheres.

Results and discussion
Fig. 1(a) illustrates how 2D perovskites evolve into bulk 
perovskites. Given a general formula of Ban+1ZrnS3n+1, one can 
specify the thickness of the 2D perovskite by the integer n. By 
electron counting, it can be seen that for each n, the 2D 
perovskite is charge balanced between the cations and anions 
and, therefore, a semiconductor with the surface self- 

passivated. This is a property not possessed by traditional 
group-IV, III-V and II-VI semiconductors, for which the creation 
of a surface typically introduces dangling bonds. Another 
distinctive feature of the perovskite structure is the rotational 
degree of freedom of the octahedra due to their corner-sharing 
nature as seen in Fig. 1(a). The occurrence of OR is correlated to 
the Goldschmidt tolerance factor t, defined as 
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, where ,  and  are radii of cations t =  (rA + rX) 2(rB + rX) rA rB rX

A, B and anion X in ABX3, respectively. Empirically, the perfect 
perovskite structure holds for t around 1, while OR  occurs for t 
< 0.95.35 For halide (X = Cl, Br and I) and chalcogenide (X= S and 
Se) perovskites, as the size of constituent anions are large, t is 
always smaller than 1, thus ORs are ubiquitous in these 
materials.

It is expected that the OR pattern will be different during the 
transition from bulk to 2D perovskites. To study this, we employ 
the Glazer’s scheme of classifying the rotation patterns.36 A 
main assumption of this scheme is that the period of rotation 
ordering extends up to two nearest neighbors only. This is valid 
because no longer period has been reported experimentally. 
The notation for describing the rotational pattern is as follows: 
(1) use three letters a, b and c to denote the rotations along the 
three principal axes and three superscripts to denote the 
ordering of two neighboring octahedra; (2) if the rotation angles 
along two or three axes are equal, use the same letter to denote 
those directions; (3) if the rotation directions of two 
neighboring octahedra along one direction are the same, a+ is 
used for that direction; if opposite, a– is used; if there is no 
rotation along that direction, a0 is used. For bulk perovskites, 
there are 23 patterns following the Glazer’s notation.36 For 2D 
perovskites, as the third direction c is inequivalent to the other 
two directions, there are more rotational freedom than bulk 
perovskites. For the first two directions, there are 9 patterns, 
namely, a0a0, a0a+, a0a–, a+a+, a+a–, a–a–, a+b+, a+b–, and a–b–. 
Combining c0, c+, and c– along the third direction, one has totally 
27 possible rotational patterns for a 2D perovskite. Usually, not 
all of these patterns are stable. After performing structural 
relaxations, some of them will end up with the same structure.

Fig. 1(b) illustrates the case of 2D Ba2ZrS4 (n = 1). Note that 
for this case, there is only one octahedron layer along the c 
direction. So, there is no difference between c– and c+ patterns 
and there are only 18 patterns for this case, as displayed in Fig. 
1(b). For convenience, we use the label c– hereafter for the case 
of n = 1. After structural relaxation using the Perdew-Burke-
Ernzerhof (PBE) functional,37 the 18 OR patterns end up with 
four, i.e., a0a0a0, a–b0c0, a–a–c0, and a0a0c–, as shown in the 
bottom panels of Fig. 1(b). The energy profile for all the 18 
patterns is shown in Fig. S1 (ESI†). We further used the strongly 
constrained and appropriately normed (SCAN) functional38 to 
determine the relative stability of the four structures with 
higher accuracy. The a0a0c– structure was found to be the most 
stable one (see Table S1, ESI†). In this structure, there is only 
one rotation about the c axis, or in-plane rotation. The OR angle 
is 29.2°, which is evaluated as the deviation of the Zr-S-Zr bond 
angle from 180o. We carried out the phonon spectrum 
calculation by the temperature dependent effective potential 
(TDEP) method39 and found that this structure is dynamically 
stable without exhibiting any imaginary modes at room 
temperature (Fig. S2, ESI†).

The most stable OR pattern for the 2D perovskite 
Ban+1ZrnS3n+1 with n = 1 is distinctively different from its bulk 
counterpart, which has a space group Pnma (No. 62) with the a–

a–c+ pattern. So, we next study the cases of n = 2, 3, 4, and 5 
following the same procedure as the case of n = 1, with an aim 

of establishing the relation between the thickness and the OR 
pattern. Our results show that for the cases of n = 2 and 3, the 
most stable structures are a0a0c–, the same as the case of n = 1, 
i.e., only in-plane rotation appears and the relative rotation 
between neighboring octahedron layers along the c-axis 
alternates. For the cases of n = 4 and 5, however, the most 
stable structures are both a–a–c+, which is similar to bulk BaZrS3. 
Clearly, when the thickness of 2D perovskite is reduced to below 
three octahedron layers, the rotation pattern undergoes a 
transition, mainly by suppressing the out-of-plane rotations 
about the a and b axes.
a b
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Fig. 2. (a) Relative energy of 2D perovskites Ban+1ZrnS3n+1 with two of the 
most relevant octahedron rotation (OR) patterns with respect to that of 
the ideal structure without OR, calculated as . The  ∆E = (EOR -  Eideal) n
dashed lines denote the values of the bulk perovskites with the two 
corresponding patterns. (b) Formation energy of the 2D perovskites 
according to the reaction (n+1) BaS + n ZrS2  Ban+1ZrnS3n+1, calculate as →

, compared with that of 2D halide Eform = [E2D -  n EZrS2 -  (n +  1) EBaS] n
perovskites Csn+1PbnI3n+1 calculated in the same way. The dashed lines 
denote Eform of the bulk perovskites BaZrS3 and CsPbI3 in the Pnma 
phase.

Fig. 2(a) quantitatively shows the stability versus n for two 
of the most relevant rotation patterns a0a0c– and a–a–c+. The 
stability is evaluated by the relative energy , calculated as∆E  ∆E

, where  and  are the energy of = (EOR -  Eideal) n EOR Eideal

Ban+1ZrnS3n+1 in the structures with and without OR, respectively. 
The normalization of the energy by thickness n allows us to 
compare the stability of OR patterns for different thickness. 
Note that the chemical formula Ban+1ZrnS3n+1 approaches the 
bulk BaZrS3 when n goes to infinity. According to our calculation 
for bulk BaZrS3, the most stable structure is a–a–c+, in agreement 
with experimental structure. It is 21 meV lower in energy than 
a0a0c– (Fig. 2(a)) When the thickness is reduced to n = 5, even 
though the a–a–c+ structure is still the lowest in energy, the 
difference is reduced to 8 meV. For the case of n = 4, the 
difference is even smaller. For n = 3, the two structures are 
nearly degenerate. When n = 1 and 2, the a0a0c– pattern 
becomes the most stable one. 

Fig. 2(b) shows the formation energy (Eform) of Ban+1ZrnS3n+1 
for n from 1 to 5 according to the reaction (n+1) BaS + n ZrS2  →
Ban+1ZrnS3n+1 using the SCAN functional, which reflects the 
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thermodynamic stability. Eform is calculated as Eform =
, where , and  denote [E2D -  n EZrS2 -  (n +  1) EBaS] n E2D EZrS2 EBaS

the energy of 2D perovskites and the binary reactants, 
respectively. It is seen that when thickness decreases, the 
thermodynamic stability lowers. When n < 3,  turns to be Eform

positive. As a comparison, we carried out calculations on 2D 
halide perovskites Csn+1PbnI3n+1 and obtained the same trend as 
the chalcogenides, as shown in Fig. 2(b). This result further 
supports the previous conclusion that organic ligands are key to 
enhance the stability of RP phase hybrid halide perovskites.40, 41

Taking BaS and ZrS2 as a reference in the discussion above is 
to consider the two materials as the most possible precursors in 
experimental synthesis. However, it is noted that bulk BaZrS3 is 
a more competitive phase than the binaries. By considering the 
reaction BaS + n BaZrS3  Ban+1ZrnS3n+1, the Eform of Ban+1ZrnS3n+1 →
is more positive as shown in Fig. S3 (ESI†). For Ba2ZrS4 (n = 1), 
Eform is 1.06 eV. Considering the dynamical stability as 
demonstrated by the phonon spectrum at room temperature 
for Ba2ZrS4 (Fig. S2, ESI†), we expect that the 2D chalcogenide 
perovskites are metastable phases. Non-equilibrium synthesis 
techniques should be adopted to fabricate these materials, such 
as growing the 2D layers on a sacrificial substrate, which has 

recently been used to fabricate freestanding monolayers of 
oxide perovskites.32 

With the atomic structures determined, we next studied the 
effect of OR on the electronic structure of 2D perovskite 
Ban+1ZrnS3n+1. The most stable structure for n = 1 exhibits a direct 
band gap at Γ point. For n from 2 to 5, nearly degenerate valence 
band maxima appear at Γ and M points. The band structures for 
n = 1, 3, and 5 are shown in Fig. S4 (ESI†). Fig. 3(a) shows the 
calculated Eg by the SCAN functional as a function of n. A 
surprising result is that Ban+1ZrnS3n+1 with two OR patterns both 
exhibit smaller Eg than that of corresponding bulk when n is 
greater than 3. As is generally perceived, when the thickness of 
a semiconductor reduces to below several nanometers, the 
quantum confinement effect will increase the Eg from the bulk 
value. To better show the anti-confinement effect observed in 
Fig. 3(a), we calculated the Eg of bulk-terminated 2D structure 
(with the a–a–c+ pattern) without further relaxation. The results 
are also shown in Fig. 3(a). It can be seen that these slabs always 
show larger Eg than the bulk and follow a common trend of 
quantum confinement effect. This suggests that other than the 
qualitative OR pattern, quantitative details of OR also play a key 
role on the electronic structure of these 2D perovskites. 
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Fig. 3. (a) Band gap of 2D perovskites Ban+1ZrnS3n+1 calculated using the SCAN functional as a function of thickness for two octahedron rotation 
patterns and the structures directly cut from the bulk BaZrS3 (with the a–a–c+ pattern) without structural relaxation, labelled as “bulk-terminated”. 
The dashed lines denote the band gaps of bulk BaZrS3 with the two patterns. (b) Evolution of the in-plane octahedron rotation angle within the 
surface (blue) and the center (black) layers with the thickness n in Ban+1ZrnS3n+1 (with the a−a−c+ pattern). The dashed line denotes the in-plane 
rotation angle in the bulk. (c) Band structure of Ba6Zr5S16 (n = 5 with the a−a−c+ pattern), where VB, CB1, CB2 and CB3 denote the valence band, the 
first, second and third conduction bands, respectively. Note that both CB1 and CB2 are doubly degenerate. (d) Partial charge density plots of the 
states denoted in (c) at Γ point. A  supercell was used in the calculation of (c) and (d) to better illustrate the interaction of Zr-d orbitals.2 × 2
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We then analyzed the OR angles in the relaxed structures 
and correlated them with the electronic structures. Fig. 3(b) 
shows the evolution of the in-plane OR angles in the surface and 
the center layers as a function of n for the a–a–c+ pattern. We 
observed that the relaxed structures exhibit a non-uniform in-
plane OR angle distribution, i.e., the OR angle is strongly layer 
dependent and it is significantly reduced in the surface layer. 
For the case of n = 5, the OR angle in the surface layer is 
suppressed to below 19° compared with 22° in the center layer, 
while the OR angle is 23.6° in bulk. We analyzed the detailed 

electronic structures and show the band structure and charge 
density plots for the case of n = 5 in Figs. 3(c) and (d), 
respectively. As can be seen in Fig. 3(d), the conduction bands 
are mainly composed of the in-plane Zr-d orbitals, the 
suppressed in-plane OR enhances the overlap between these 
orbitals and leads to the more dispersed conduction bands, as 
shown in Fig. 3(c), and the reduced band gap. We thus attribute 
the anti-confinement effect in Fig. 3(a) to the OR suppression in 
the surface.

a b c

M Γ X M Γ X

Fig. 4. (a) Band gap of Ba2ZrS4 (n = 1) as a function of the applied biaxial strain. The evolution of octahedron rotation angle with strain is also shown. 
Band structures of Ba2ZrS4 at zero (b) and 6.6% strain (c). The insets are the top views of the corresponding atomic structures.

The OR is usually accompanied by displacements of A-site 
atoms as found in bulk chalcogenide perovskites and RP 
phases,28 where the atoms in adjacent layers shift in opposite 
directions along the pseudo-cubic [110] direction, as illustrated 
in Fig. S5 (ESI†). This displacement has been proposed to induce 
ferroelectricity in the RP phase.28 We found that such A-site 
displacement also exists in 2D perovskite Ban+1ZrnS3n+1 with a–a–

c+ pattern, but the magnitude is reduced compared with bulk. 
As shown in Fig. S5 (ESI†), the magnitude of displacement is 
smaller in the surface layer compared with inner layers. With 
the thickness increasing, the magnitude in the inner layers 
increases toward that of the bulk, while on the surface it 
remains small. Such trend of displacement is similar to that of 
OR angle in Fig. 3(b), suggesting that the A-site displacement is 
still correlated to the OR with the a–a–c+ pattern. We also 
checked the a0a0c– pattern, but did not find such displacement.

To further demonstrate the effect of OR, we use strain as a 
tuning knob to control the OR by taking the monolayer Ba2ZrS4  
as an example. Fig. 4(a) shows the Eg and the in-plane OR angle 
as a function of the biaxial strain. As the strain increases, the OR 
angle decreases. When the strain is greater than about 7%, the 

OR nearly vanishes. Eg decreases monotonically with the 
suppression of OR and roughly follows a quadratic relationship 
with the strain when the strain is below 6%. A transition occurs 
at about 6% strain, where the band gap changes from a direct 
to an indirect gap. The band structures at zero and 6.6% strain 
are shown in Figs. 4(b) and (c), respectively. It can be seen that 
when the strain increases, there is a second peak in the path 
from Γ to M point rises as new valence band maximum. The 
strain effect on Eg is relatively large. The direct gap decreases by 
0.71 eV when strain increases to 5.5%, which is about a 44% 
reduction from the value without strain. As a comparison, we 
found the reduction of the direct gap in MoS2 is only 0.52 eV 
(about 30% reduction) at the same strain condition. The 2D 
chalcogenide perovskites are relatively soft materials compared 
with TMDs, such as MoS2. We calculated the 2D elastic modulus 
by C2D=(1/A)∂2E/∂ε2, where A is the area of the unit cell, E the 
total energy and ε the strain. For the case of n = 1, C2D is 
calculated to be 71 J/m2, while it is 141 J/m2 for MoS2. Owing to 
the large variation of Eg with strain as shown in Fig. 4(a) and the 
small Young’s modulus, Ban+1ZrnS3n+1 is expected to exhibit large 
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tunability of the band gap through either mechanical stress or 
epitaxial stress from substrates.

The direct band gap and its wide tunability due to either 
thickness or strain suggest that the 2D perovskites Ban+1ZrnS3n+1 
be potential optoelectronic materials. We therefore studied the 
carrier mobility and excitonic property, which are the quantities 
of interest for optoelectronic applications by taking the 
monolayer Ba2ZrS4 as an example. We applied two models to 
evaluate the mobility according to different mechanisms. The 
first one is the widely used deformation potential model42-44. It 
assumes that the mobility is limited by scattering of longitudinal 
acoustic phonons, and the strength of electron-phonon 
interaction is described by the deformation potential. Then the 
mobility denoted as μDP is determined by the effective mass 
(m*), deformation potential (E1) and elastic modulus. As shown 
in Table 1, the effective mass of electrons in monolayer Ba2ZrS4 
is 0.22 m0, which is much smaller than that of MoS2 (0.4 m0), 
while its hole effective mass is 0.5 m0. The effective mass is 
found to be isotropic as m* along Γ-X and Γ-M are similar, 
indicating isotropic transport in this material. The predicted μDP 
of electrons reaches ~1000 cm2 V-1 s-1 (Table 1), while the hole 
mobility is relatively low due to the large m* and E1.

Table 1 The parameters and predicted carrier mobility of Ba2ZrS4 at 
room temperature based on two models.
Deformation potential model:

m*/m0
C2D

(J m-2)
E1

(eV)
μDP

(cm2 V-1 s-1)
e 0.22 71 5.4 1071
h 0.50 71 6.3 152

Polaron model:

ε∞ ε0
Ω

(THz)
μpolaron

(cm2 V-1 s-1)
e 11.4 65.3 0.81 151
h 11.4 65.3 0.81 41

It is known that in ionic semiconductors the interaction of 
the longitudinal optical (LO) phonons with carriers could 
strongly affect the carrier mobility.45, 46 This interaction may 
lead to the formation of large polarons and reduce carrier 
mobility as found in halide perovskites.46, 47 To consider this 
effect, we used the refined Hellwarth polaron model46, 48 to 
evaluate the mobility in Ba2ZrS4, denoted by μpolaron. In this 
model, the mobility is determined by high-frequency and static 
dielectric constants (ε∞ and ε0), LO frequency (Ω) and effective 
mass (m*). As shown in Table 1, the calculated in-plane ε∞ and 
ε0 are 11.4 and 65.3, respectively, which are larger than that of 
halide perovskites, e.g. 5.0 and 33.5 for CH3NH3PbI3.47 The large 
difference between ε∞ and ε0 suggests that the LO phonon 
modes dominate the low-frequency dielectric response in this 
material, exhibiting strong interaction with carriers. The 
predicted μpolaron are 151 and 41 cm2 V-1 s-1 for electrons and 
holes, respectively (Table 1). These values are significantly 
smaller compared with μDP (1071 and 152 cm2 V-1 s-1) indicating 
that the LO phonons are dominant in this material over the 
acoustic phonons. The predicted electron mobility is 

comparable to that of halides perovskites (~100 cm2 V-1 s-1)49 
while smaller than that of MoS2 (<400 cm2 V-1 s-1).50

The exciton binding energy (Eb) of monolayer Ba2ZrS4 is 
calculated based on ab initio G0W0

51 method and Bethe-
Salpeter equation (BSE).52 As shown in Fig. 5(a), compared with 
dielectric constant from random phase approximation (RPA) 
excluding excitonic effect, BSE calculation shows that Eb of the 
lowest exciton is 0.9 eV. This is an unexpectedly large value. As 
a comparison, the Eb of TMD materials is usually on the order of 
0.5 eV.53 The large Eb is partly due to the large quasiparticle Eg 
of 3.0 eV, as obtained from the G0W0 band structure shown in 
Fig. 5(b). However, even considering the common 1/4-rule on 
the relation between Eg and Eb as observed in 2D materials,53 
0.9 eV is still relatively large. Wave function analysis in the 
reciprocal space (Fig. 5(c)) shows that the lowest exciton is 
contributed by the hole and electron at the Γ point confirming 
the direct band gap. The exciton wave function in real space also 
suggests the large binding energy in this material, as the size of 
exciton is only about 2 nm which is much smaller than that of 5 
nm in TMD.54 In addition to the strong exciton effect, the G0W0-
correction on the Eg of 1.6 eV obtained from the PBE calculation 
suggests that self-energy effect is also important in this 
material.

 

Eb = 0.9 eV

a b

c dM

X

1 nm

Eg = 3.0 eV

Fig. 5. Quasiparticle properties of Ba2ZrS4 (n = 1). (a) Imaginary part of 
dielectric function (ε2) based on G0W0+RPA (without excitonic effect) 
and G0W0+BSE (with excitonic effect) calculations. (b) Quasiparticle 
band structure from PBE+G0W0 calculation. Wave function of the lowest 
exciton in reciprocal (c) and real (d) space. 

Conclusions
We studied the structure of the 2D perovskites with a focus on 
the OR patterns and their effects on the electronic structures by 
taking Ban+1ZrnS3n+1 as an example. We proposed an approach 
by adapting the Glazer’s notation to systematically study the 
evolution of OR pattern with the slab thickness. It is found that 
when the thickness is below three octahedron layers, the 
rotation pattern transits from the mixed in-plane and out-of-
plane rotation pattern to the simpler in-plane rotation pattern. 
The OR is found to give rise to an anti-confinement effect, which 
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could reduce the band gap of Ban+1ZrnS3n+1 to even below that 
of the bulk. We also show that the strain can widely tune the OR 
angle and thus the band gap. Our calculations show that 
Ban+1ZrnS3n+1 exhibit reasonable electron mobility and large 
exciton binding energy suggesting for promising optoelectronic 
applications. The adapted Glazer’s approach proposed here 
could also be used for systematiccally studying the atomic 
structures of other 2D perovskites.

Method
Our first-principles calculation was based on the density 
functional theory (DFT) as implemented in the VASP program.55 
To consider possible OR patterns for each thickness, we 
followed the Glazer’s scheme36 to construct the initial 2×2×1 
supercells of the perfect perovskite structure with various OR 
patterns. A vacuum region of ~12 Å was used to separate the 
slabs. We first used the PBE functional37 to obtain the possible 
metastable structures. Then, the more accurate SCAN 
functional38 was used to further relax the metastable 
structures. The band structure and effective mass calculations 
were also based on the SCAN functional. Projector augmented 
wave (PAW) potentials were used to describe the core−valence 
interaction.56 Planewaves with kinetic energy up to 408 eV were 
used as the basis set. The atomic structures were relaxed until 
the residual forces on all atoms were smaller than 0.005 eV/Å. 
Γ-centered 3×3×1 and 6×6×1 k-point grids were used for the 
structural relaxation and electronic structure calculations, 
respectively. To calculate the formation energy of 2D halide 
perovskite Csn+1PbnI3n+1, the structures were optimized based 
on the most stable OR pattern of Ban+1ZrnS3n+1 for each n. The 
small energy difference between different OR pattern would 
not change the trend in Fig. 2(b). Γ-centered 3×3×1 and 6×6×1 
k-point grids and SCAN functional were used for the structural 
relaxation and energy calculations, respectively. The atomic 
structure, band structure and effective mass of MoS2 were 
calculated based on the SCAN functional. Γ-centered 8×8×1 and 
19×19×1 k-point grids were used for structural relaxation and 
electronic calculations, respectively.

The phonon spectrum of the most stable structure of 
Ba2ZrS4 was calculated by the TDEP method.39 Ab initio 
molecular dynamic simulation with an NVT ensemble at 300 K 
was performed by VASP. A 2×2×1 supercell containing 56 atoms 
was used. The SCAN functional was used in the simulation. The 
Γ point and a cutoff energy of 300 eV were used. The simulation 
was run for 60 ps with a time step of 2 fs. The force constants 
were extracted from the simulation of the last 50 ps. 

The mobility by deformation potential model is42-44

𝜇DP =
𝑒ℏ3𝐶2𝐷

𝑘𝐵𝑇𝑚 ∗ 𝑚𝑑𝐸2
1
#(1)

where m* is the effective mass along the transport direction,  𝑚𝑑

is the density-of-state effective mass defined as , 𝑚𝑑 = 𝑚𝑥𝑚𝑦

E1 is the deformation potential and  is the elastic modulus. 𝐶2𝐷

E1 is defined as , where  is the energy shift of 𝐸1 = ∆𝑉/(∆𝑙/𝑙) ∆𝑉
valence band maximum (conduction band maximum) for hole 
(electron), and  is the strain along the transport direction.∆𝑙/𝑙

The mobility by refined Hellwarth polaron model is46, 48

𝜇polaron = (𝑤
𝑣)3 3𝑒

𝑚 ∗

𝜋sinh(𝛽/2)

Ω𝛼𝛽
5
2

𝐾 ―1#(2)

where m* is the effective mass,  is the LO frequency,   is Ω 𝛽 ℏΩ/
,  is the Frölich parameter of dielectric electron-phonon 𝑘𝐵𝑇  𝛼

coupling which is determined by the dielectric constants, LO 
frequency and effective mass. The detailed expression of , ,  𝛼 𝑤

 and  can be found elsewhere.46 The lowest frequency of LO 𝑣 𝐾
phonons (0.81 THz) was used as .Ω

The dielectric constants and LO phonon frequency were 
calculated using density functional perturbation theory (DFPT) 
as implemented in VASP based on PBE functional. Γ-centered 
11×11×1 and 6×6×1 k-point grids were used for the calculation 
of high-frequency and static dielectric constants, respectively. 
An exaction procedure was further used to obtain the intrinsic 
dielectric constants for the 2D slab (see details in ESI†).

The G0W0
51 and Bethe-Salpeter Equation (BSE)52 

calculations were performed using the YAMBO package.57 
Ground state electronic structures obtained by the Quantum 
ESPRESSO package58 were used as the start for many-body 
calculations. Optimized norm-conserving pseudopotentials59 
were employed with a plane-wave cutoff energy of 816 eV. For 
the exchange and correlation parts of the self-energy, we used 
the energy cutoffs of 680 and 136 eV, respectively. A Γ-centered 
6×6×1 k-point grid was used for calculating self-energy 
corrections and dielectric function. 1200 bands were used to 
ensure converged band gap. Excitonic properties and dielectric 
function were obtained by solving the BSE based on G0W0 
results with top 10 valence bands and bottom 10 conduction 
bands. The truncated coulomb potential technique60 was used 
to eliminate the interaction between the repeated images along 
the non-periodic direction.
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Octahedron rotation as a distinctive structural feature with its impact on opto-electronic properties 
is systematically studied in 2D chalcogenide perovskites.
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