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Origin of anomalous band-gap bowing in two-dimensional tin-lead mixed perovskite alloys
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The origin of the pronounced and composition-dependent band-gap bowing in Sn/Pb mixed perovskite
alloys has been under debate for a long time. Previous studies reported conflicting results on whether the
chemical or structural effect is the dominant mechanism. In this paper, the band-gap bowing effect and
its possible origins in recently synthesized two-dimensional (2D) Cs2PbxSn1-xI2Cl2 alloys are investigated
from first-principles calculations. In agreement with experiments, a large and composition-dependent bowing
coefficient is observed. By analyzing the contribution from volume deformation, charge exchange, structural
relaxation, and short-range order, it is found that the dominant mechanism causing the anomalous gap bowing
is the structural relaxation-induced wave-function localization, forming isovalent-defect-like states, despite the
negligible octahedral distortion and small lattice mismatch between the two end compounds. This is understood
by the s-p repulsion-induced strong antibonding character of the valence-band maximum which leads to a large
deformation potential, thus even a small atomic displacement can result in a large shift of the energy level.
These results thus highlight the critical role of strong deformation potential and structural relaxation effect in
unusual band evolution of 2D Sn/Pb perovskite alloys, and can be helpful to the modulation of their band gap
for optoelectronic applications.
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I. INTRODUCTION

Metal halide perovskites (MHPs) have emerged as promis-
ing candidates for photovoltaic and optoelectronic appli-
cations due to their high energy-conversion efficiency and
relatively low cost [1–5]. Especially, compared to their three-
dimensional (3D) bulk counterparts, two-dimensional (2D)
layered MHPs exhibit much improved stability and a greater
structural and chemical diversity, thus they have attracted an
increasing amount of interest [6–9]. Various 2D MHPs, either
hybrid organic-inorganic or all-inorganic, have been success-
fully synthesized, and their applications in high-efficiency
solar cells [10,11], light-emitting diodes [12,13], and photode-
tectors [14,15] have been demonstrated. To optimize device
performance, it is highly desirable to modulate the band gap of
MHPs as needed. Such a demand has stimulated the need for
considering alloys of different MHPs [16–18]. Among various
types of MHP alloys, Sn/Pb mixed perovskite alloys are of
particular interest. Different from the nearly linear change of
band gap upon compositional variation in other types of halide
alloys [19], pronounced nonlinear band-gap behaviors of both
3D, 2D, and one-dimensional Sn/Pb mixed perovskite alloys
were reported [20–23]. Generally, the band gap of A1-xBx

semiconducting alloys can be expressed as [24]

Eg = (1 − x)Eg(A) + xEg(B) + bx(x − 1), (1)

where b is defined as the bowing coefficient, measuring the
deviation from the linear relationship (Vegard’s law). The
band-gap evolution in Sn/Pb perovskite alloys shows two
anomalous features.
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(I) The bowing coefficient is significant, and its value can
be on the order of 1 eV, leading to a lower band gap than both
end compounds [16,21].

(II) The bowing coefficient is not a constant, but strongly
composition dependent [22,25].

Although the anomalous band-gap bowing in Sn/Pb per-
ovskite alloys is well demonstrated both experimentally and
theoretically, its origin is not fully understood, and sev-
eral possible explanations were proposed in previous studies,
mostly focused on the nonlayered 3D bulk cases. Im et al.
[26] and Khatun et al. [25] proposed that the gap bowing is
a combination of composition induced changes in spin-orbit
coupling (SOC) and structural distortion. However, based on
more detailed first-principles calculations, several works ruled
out the contribution from SOC [20,27]. Eperon et al. sug-
gested that short-range ordering of Sn/Pb atoms is the major
origin of the bowing [27]. In contrast, Goyal et al. argued that
the bowing is primarily a consequence of chemical mismatch
between Sn and Pb, whereas the structural effect is negligible
[20]. Valadares et al. also concluded that the arrangement of
atomic orbitals is critical [28]. Dalpian et al. reported different
results indicating that the large bowing should be related to
structural changes, as they found the bowing parameters in
intrinsic cubic phases are small [29]. Rajagopal et al. made
similar conclusions that local structural relaxation (SR) effects
are responsible for the anomalous bowing [30]. In short, pre-
vious studies provided conflicting mechanisms on the origin
of the anomalous bowing in Sn/Pb perovskite alloys, and
whether the gap bowing is a chemical effect or structural effect
or both is still an open question.

Recently, all-inorganic Sn/Pb perovskite alloys
Cs2PbxSn1-xCl2I2 with 2D Ruddlesden-Popper (RP)
phase have been synthesized [22], and the strong and
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composition-dependent gap bowing is also observed in this
system. A major difference between 2D RP Cs2PbxSn1-xCl2I2

and nonlayered 3D alloys like MAPbxSn1-xX3 and
CsPbxSn1-xX3 is that the former has negligible octahedral
distortion. The conflicting conclusions on the origin of
the gap bowing made from those 3D alloys may partly be
attributed to the sensitive dependence of octahedral distortion
on the composition, which could strongly affect the band-gap
values and thus bring much complexity into simulation
(i.e., the magnitude of the distortion might be different with
different computational methods). In the 2D case, considering
the negligible octahedral distortion and small lattice mismatch
(≈1%) between the end compounds Cs2PbI2Cl2 and
Cs2SnI2Cl2, one can expect a small magnitude of structural
relaxation in 2D Cs2PbxSn1-xCl2I2 alloys. Therefore, the
reduced complexity compared to the 3D case allows one to,
in a systematic and controlled way, explore the contribution
of chemical and structural effects to the anomalous bowing in
2D Cs2PbxSn1-xCl2I2 alloys.

In this paper, the band-gap bowing effect and its possible
origins in 2D Cs2PbxSn1-xI2Cl2 alloys are investigated from
first-principles calculations. In agreement with experiments,
strong composition dependence on the bowing coefficient is
observed, especially in the dilute-Sn cases. The contributions
from volume deformation (VD), charge exchange (CEX),
structural relaxation, and short-range order (SRO) are ana-
lyzed. It is found that the main cause of anomalous bowing
is structural relaxation, despite its small magnitude, and the
contributions from other factors are minor. This is under-
stood by the strong antibonding character of the valence-band
maximum (VBM) state, which leads to a large deformation
potential, thus a slight change in the bond length can induce a
significant change of the valence-band offset and confinement
of an isovalent-defect-like VBM state [24]. These results thus
highlight the critical roles of strong deformation potential and
structural relaxation effect in unusual band evolution of 2D
Sn/Pb perovskite alloys, and can be helpful to the modulation
of their band gap for optoelectronic applications.

II. METHODS

In this paper we consider 2D Cs2PbxSn1-xCl2I2 alloys.
All electronic structure calculations of 2D Cs2PbxSn1-xCl2I2

alloys are based on the density functional theory (DFT) pro-
grammed in the Vienna ab initio simulation package (VASP)
[31]. The core-valence interaction is approximated by the
projector-augmented wave method [32]. The cutoff energy is
selected as 300 eV. The exchange-correlation potential is de-
scribed by the Perdew-Burke-Ernzerhof (PBE) functional of
the generalized gradient approximation (GGA) formula [33].
SOC is included in the calculations of electronic structures.
Calculations using the screened hybrid functional (HSE06)
[34] with SOC are also carried out for the unit cell of 2D
Cs2Pb(Sn)Cl2I2, with a mixing parameter of 0.43. Except
for the band-gap value, the band dispersions calculated by
GGA-PBE and HSE06 are found to be similar, and both meth-
ods give type-II band alignment between the two materials.
Therefore, the results for alloy calculations are obtained using
GGA-PBE with SOC. The van der Waals interaction is treated
by DFT-D3 method [35]. The convergence criteria of forces

and energies are chosen to be 0.02 eV/Å and 10–4 eV during
structure optimization and self-consistence calculations. An
8 × 8 supercell containing 448 atoms is constructed to study
the properties of 2D Cs2PbxSn1-xCl2I2 alloys, with a vacuum
space of 20 Å. The Brillouin zone is sampled by the Г point. It
is worth mentioning that despite the 2D layered structure, the
experimentally synthesized RP phase Cs2PbxSn1-xI2Cl2 re-
mains a bulk material [22], which differs from the monolayer
model we adopted here. Nevertheless, as discussed in the Sup-
plemental Material [36], our analysis and tests indicate that
the monolayer model is sufficiently accurate to describe the
band bowing of bulk RP phase Cs2PbxSn1-xI2Cl2, and is com-
putationally more efficient than the bulk model. Therefore, it
is suitable to adopt the monolayer model. The “special quasi-
random structure” (SQS) method [44,45] has been adopted
to generate proper structures that can simulate alloys with
random Sn/Pb distribution. We assume a linear relationship
between the lattice constant of the alloy and the concentration,
as confirmed by the experiment [22] and theoretical calcula-
tions [30]. To study the possibility of phase separation and
the short-range-order effect, the cluster expansion (CE) model
[46,47] is employed, as implemented in the ATAT code [48].

III. RESULTS AND DISCUSSION

To gain a whole perspective on the electronic properties
of 2D Cs2PbxSn1-xI2Cl2 alloys, we first discuss the structural
and electronic properties of the two constituents (monolayer
Cs2PbI2Cl2 and Cs2SnI2Cl2). As seen in Figs. 1(a) and 1(b),
monolayer Cs2PbI2Cl2 and Cs2SnI2Cl2 can be viewed as
2D octahedron planes. The Sn/Pb ions occupy the center
of the octahedron. The Cl ions take the in-plane sites and
serve as shared corners of the octahedron, whereas the I ions
locate at the out-of-plane sites. The Cs ions provide extra
electrons to ensure charge balance. The optimized lattice con-
stants for monolayer Cs2PbI2Cl2 and Cs2SnI2Cl2 are 5.71
and 5.65 Å, respectively, which agree well with the values
in previous works [49,50]. Experimentally, it is reported that
unlike nonlayered 3D perovskites APb(Sn)X3, there is no octa-
hedral distortion or tilting in 2D Cs2PbI2Cl2 and Cs2SnI2Cl2

[22]. Our phonon spectrum calculations further support this
conclusion as no negative frequency is observed for the undis-
torted systems (see Fig. S1 in the Supplemental Material
[36]), also in agreement with Acharyya et al.’s calculations
[51]. The electronic structures of monolayer Cs2Pb(Sn)I2Cl2

were calculated in Fig. 1(c). Both monolayer Cs2PbI2Cl2

and Cs2SnI2Cl2 possess direct band structures with band-gap
values of 1.68 and 1.39 eV calculated by PBE-SOC. We
also performed test calculations using HSE-SOC and found
similar band dispersions with larger band gaps (2.91 eV for
Cs2PbI2Cl2 and 2.50 eV for Cs2SnI2Cl2) (see Fig. S2 in the
Supplemental Material [36]). The two constituents form a
type-II band alignment [Fig. 1(d)], and the offset in the va-
lence band (0.63 eV for PBE-SOC and 0.84 eV for HSE-SOC)
is much larger than that in the conduction band (0.34 eV for
PBE-SOC and 0.43 eV for HSE-SOC). Since PBE-SOC and
HSE-SOC give similar band dispersion and the same type-II
band alignment (the same trends) between the two materials,
it is reasonable to use PBE-SOC to describe the trends in the
band gap of their alloys. Similar to other Sn- or Pb-based
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FIG. 1. Structures for side (a) and top (b) view, band structures (c), band alignment relative to the vacuum level of monolayer
Cs2Pb(Sn)I2Cl2 (d), and the charge densities of CBM and VBM (wave function norm square) (e). Cyan, green, purple, blue, and red balls
representing Cs, Cl, I, Pb, and Sn atoms, respectively.

halide perovskites [52–55], the conduction-band minimum
(CBM) of Cs2Pb(Sn)I2Cl2 mainly consists of Pb/Sn p states,
whereas the VBM originates from the antibonding interaction
between Pb/Sn s states and I/Cl p states [Fig. 1(e)].

Next, we study the band bowing effect in 2D
Cs2PbxSn1-xI2Cl2 alloys. We first consider fully mixed
alloys with random Sn/Pb distribution, and the corresponding
structures were generated using the SQS approach with an
8 × 8 supercell. Note we keep the ordered Cl/I arrangement
in the alloys since random distribution of Cl/I is energetically
not favored according to our test calculations (see Sec. VI in
the Supplemental Material [36]), and not observed in previous
experiments [22]. This can be attributed to the large strain
energy caused by atomic size mismatch in the Cl/I disordered
structures. In Fig. 2(a), the band-gap value of the alloys with
different Pb concentration x is plotted. The calculations well
reproduce the trends observed in experimental synthesized
2D RP phase Cs2PbxSn1-xI2Cl2 alloys [22]. In contrast to
many conventional semiconductors exhibiting a constant

bowing parameter, the band gap versus x relationship of 2D
Cs2PbxSn1-xI2Cl2 alloys can be divided into two regions.
When x is larger than 0.75, the band gap decreases rapidly as
x decreases with a large and composition-dependent bowing
parameter (which can exceed 4 eV). When x is less than
0.75, the gap bowing becomes much less significant, with an
almost constant bowing parameter around 0.5 eV. Numeric
fitting on the x-dependent band bowing parameter and band
gap is provided in Sec. III of the Supplemental Material [36].
To explore whether the CBM or VBM contributes to the large
bowing when x is close to 1, the positions of the CBM and
VBM with respect to the vacuum level are plotted in Fig. 2(b)
as a function of x. It is seen that the CBM always exhibits
a small bowing. In contrast, the bowing of the VBM is
concentration dependent. When x is less than 0.75, the VBM
bowing is weak. Once x exceeds 0.75, the VBM bowing is
greatly enhanced. Therefore, the strong band-gap bowing of
2D Cs2PbxSn1-xI2Cl2 alloys at large x is dominated by the
VBM.

FIG. 2. Band gap and bowing parameters (a) and band edge energy (b) of 2D Cs2PbxSn1-xI2Cl2 alloys as functions of Pb concentration.
Band edge energy is aligned relative to the vacuum level.
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FIG. 3. The charge densities of CBM (a) and VBM (b) of 2D Cs2PbxSn1-xI2Cl2 alloys for different Pb concentrations (x); Cs and I atoms
are omitted to show the distribution of Sn and Pb atoms more clearly.

To further study the nature of the band bowing, the charge
densities of CBM and VBM of 2D Cs2PbxSn1-xI2Cl2 alloys
for different concentration are plotted in Fig. 3. For the CBM,
the wave functions are delocalized and mainly originate from
Pb/Sn atoms. Moreover, the spatial distribution of these delo-
calized states shows weak dependence on Pb concentration.
Thus, the CBM always exhibits a bandlike behavior, consis-
tent with its small bowing effect in Fig. 2(b). For the VBM, the
wave functions are also quite delocalized and bandlike when
Pb concentration is less than 0.75. However, in the dilute-
Sn limit (x = 0.984), the distribution of the VBM is highly
localized at the Sn site, much like a “deep” impurity state.
Such isovalent-impurity-like behavior persists at the region
x > 0.75, even with a considerable Sn concentration. In this
case, the composition dependence of the impurity gap cannot
be described by a constant b in Eq. (1) which describes a
bandlike behavior [24]. As a result, a large and nonconstant
bowing is observed.

In order to understand the physical origins of the
composition-dependent bowing and the impurity-like VBM,
one can decompose the formation of 2D Cs2PbxSn1-xI2Cl2

alloys into three steps [47]: (i) VD—deform the equilibrium
cell volume and the bond length of the constituents to the
corresponding concentration averaged values; (ii) CEX—mix
the two types of cations (Sn and Pb) into the lattice of an
unrelaxed alloy supercell constructed from the deformed unit
cell in (i); and (iii) SR—fully relax the alloy structure. The
bowing parameter can thus be expressed by the contributions
from different steps (see the Supplemental Material for a
detailed explanation [36]):

b = bVD + bCE + bSR. (2)

As mentioned in the introduction, for bulk Sn/Pb alloy
perovskites, there have been several studies investigating
which process dominates their strong band-gap bowing. On
the one hand, composition-induced changes of the crystal
structure (VD+SR) are predicted due to the octahedral dis-
tortion [26,30]. On the other hand, there is also chemical
difference and energy mismatch between Sn and Pb, thus

results in CEX [20,28]. However, whether the band-gap bow-
ing mainly originates from the CEX process or the VD+SR
process is still under debate. In contrast to the nonlayered
bulk case, there is negligible octahedral distortion in 2D
Cs2PbxSn1-xI2Cl2 alloys as confirmed by experiment and our
phonon calculation (Fig. S1 [36]). Thus, the main conse-
quence of the VD+SR process is bond length change in the
alloys. Since the VBM has anion p and cation s characters, the
wave-function localization can be related to the s-p coupling.
The type-II band alignment in Fig. 1(d) between CsSnI2Cl2

and CsPbI2Cl2 indicates stronger s-p coupling in the former,
which thus creates a potential well with depth of �V for holes
in the alloys, and a deeper well leads to stronger localization.
On the one hand, the s-p coupling strength is affected by
the energy separation between anion p orbital and cation s
orbital. Compared to the 5s orbital of Pb, the 4s orbital of
Sn is closer to the anion p orbital, and �V will be larger
if the energy difference between Sn 4s and Pb 5s is larger.
On the other hand, a smaller bond length between anion and
cation can also lead to stronger s-p coupling and larger �V.
Therefore, the depth �V of the s-p coupling induced potential
well depends on both chemical and structural effects. Consid-
ering the small lattice mismatch (≈1%) between monolayer
Cs2PbI2Cl2 and Cs2SnI2Cl2, one would expect weak struc-
tural effects in the alloys, and thus the domination of chemical
effect to the band bowing. In Fig. 4(a), the decomposed bow-
ing parameters bVD, bCE and bSR for different composition x
are presented. The bVD is negligible as expected. However,
contrary to the above prediction, it is seen that bCE only
shows weak composition dependence. The nonlinear behavior
is much more significant for bSR, the value of which is larger
than bCE for all x, especially in the impuritylike region (x close
to 1). Therefore, structural relaxation is the major cause of
the large and strongly composition-dependent gap bowing in
2D Cs2PbxSn1-xI2Cl2 alloys. This is further supported by the
VBM charge densities of the unrelaxed and relaxed structures
at the dilute-Sn limit. As seen in Figs. 4(c) and 4(d), in the un-
relaxed structure, the CEX only results in weak localization of
the VBM, exhibiting a shallow-impurity-like character. With
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FIG. 4. Band gap bowing parameters (a) and bond length (b) of 2D Cs2PbxSn1-xI2Cl2 alloys as functions of Pb concentration. (c), (d) The
charge densities of VBM of 2D Cs2PbxSn1-xI2Cl2 alloys for unrelaxed and relaxed structure at Pb concentration = 0.984.

structural relaxation, the localization is much enhanced and
deep-impurity-like character is observed.

To gain a deeper insight into the significant SR term, we
calculated the averaged bond length in relaxed alloy structure
at different concentration, as shown in Fig. 4(b). It is observed
that the Sn-X and Pb-X bond lengths (X = I, Cl) in the alloys
show a bimodal distribution. The extent of relaxation can be
described by the bond length relaxation parameters [56]:

ε = (RPb−X − RSn−X )/
(
R0

Pb−X − R0
Sn−X

)
, (3)

where R and R0 are the bond lengths in the alloys and the
pure constitutions, respectively. ε = 0 corresponds to no re-
laxation, while ε = 1 means full relaxation. We found that ε

is always close to 1 for 2D Cs2PbxSn1-xI2Cl2 alloys, indicating
that a full relaxation occurs in this ionic system, and the
bond lengths in the alloys are almost the same as those in the
pure constitutions. Because the VBM of the alloys has strong
antibonding character, it can have large deformation potential,
thus its position can be sensitive to the change in bond length,
even if such change is not large. In the fully relaxed dilute-Sn
alloys, the Sn-X bond lengths are ≈1% (about 0.03 Å) smaller
than those in the unrelaxed structure. We have calculated the
VBM energy of monolayer CsSnI2Cl2 with its atomic coordi-

nation fixed at that of CsPbI2Cl2, and compared with the case
of fully relaxed CsSnI2Cl2. It is found that ≈1% bond length
reduction in Cs2SnI2Cl2 can already push up its VBM state
by 0.2 eV, which corresponds to a large deformation potential
of ≈20 eV. Hence, the s-p coupling induced potential well be-
comes much deeper when full relaxation occurs, and the VBM
state becomes much more localized. Therefore, the significant
SR effect can be attributed to the antibonding character and
the large deformation potential of the VBM. Moreover, for
hybrid RP Sn/Pb perovskite alloys, the octahedral distortion
caused by the organic spacer may further enhance the SR
effect (more discussions are provided in Sec. V in the Sup-
plemental Material [36]).

In the above discussion we assumed fully mixed 2D
Cs2PbxSn1-xI2Cl2 alloys with random distribution of Pb and
Sn atoms. Nevertheless, phase separation or SRO can often
occur in alloys, which could change the electronic properties
as compared with the case of random alloys. For nonlayered
bulk Sn/Pb alloy perovskites, it has been proposed that the
ordering of Pb and Sn atoms into clusters contributes to
the band-gap bowing [27]. For 2D Cs2PbxSn1-xI2Cl2 alloys
studied here, if clustering of Sn occurs, effectively the width
of the s-p coupling induced potential well increases. This
could enhance the localization of VBM and contribute to
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FIG. 5. (a) Normalized formation energy (NFE) of 2D Cs2PbxSn1-xI2Cl2 alloys for different Pb concentrations. (b) Fitted ECIs for pairs
from the nearest to the sixth neighbors.

the band-gap bowing. Therefore, in the following we discuss
the possible effect of SRO in 2D Cs2PbxSn1-xI2Cl2 alloys
on the band-gap bowing. For this purpose, we construct
a CE model [46,47] to describe the formation energy of
2D Cs2PbxSn1-xI2Cl2 alloy structure with configuration σ ,
namely,

E (σ ) =
∑

i

miJi�̄i(σ ) (4)

Here E(σ ) is the formation energy per Sn/Pb site of the
alloys. i denotes a cluster (pairs, triplets, quadruplets, etc.),
and mi is the multiplicity of symmetry-equivalent clusters. Ji

is the effective cluster interaction (ECI) for i, and �̄i(σ ) is
the average of the atomic correlation functions of cluster i.
In the current paper, the clusters included are zero, onsite,
and pairs up to the sixth neighbors. In Fig. 5(a) the DFT
calculated and CE fitted formation energies of the alloys are
shown. It is interesting to note that for many configurations,
the formation energy can be negative. Three stable ground
states (under 0 K) with periodic structures at x = 0.25, 0.5,
and 0.75 were predicted and the corresponding configurations
were shown in the Supplemental Material [36]. The negative
formation energy can be understood by the Coulomb energy
gain due to charge redistribution in strongly ionic alloys [19].
The fitted ECIs for pairs from the nearest to the sixth neigh-
bors are shown in Fig. 5(b). The ECI of the nearest-neighbor
pair is positive, which results in repulsion between atoms
with the same species and prevents phase separation. It is
also noted that the magnitude of the ECIs is less than 1
meV, much smaller than that in highly ordered perovskite
alloys (e.g., 10–100 meV in Cs2AgBiBr6 [57]). This suggests
weak SRO in Cs2PbxSn1-xI2Cl2. Based on the cluster expan-
sion Hamiltonian [Eq. (4)] and the calculated ECIs, Monte
Carlo simulations were performed using a 10×10 supercell
for different concentration x, and the statistical averages of the
atomic correlation functions for pairs up to the sixth neighbor
are computed to explore possible SRO. It is found that at
300 K, the averaged atomic correlation functions (thus the
atomic configuration) are very close to those in random alloys,

and the difference is within 0.032, which is comparable to
the tolerance in generating the SQS structure. In reality, the
deviation could be even smaller considering that the experi-
mental growth temperature of 2D Cs2PbxSn1-xI2Cl2 alloys is
800 K [22]. Therefore, the effect of SRO on the composition-
dependent band-gap bowing is minor.

IV. CONCLUSIONS

In summary, the band-gap bowing effect and its possible
origins in 2D Cs2PbxSn1-xI2Cl2 alloys are investigated from
first-principles calculations. Two regions were observed in the
band-gap variation as a function of x: (i) a bandlike region
(x < 0.75) where the band edge states are delocalized, with
a small (<1eV) and nearly constant bowing coefficient, and
(ii) an impuritylike region (x > 0.75) where the VBM state is
strongly localized, with a large (up to 4 eV) and composition-
dependent bowing coefficient. By analyzing the contribution
from volume deformation, charge exchange, and structural
relaxation, it is found that the dominant mechanism causing
the large and strongly composition-dependent gap bowing
is the structural relaxation process, despite the small lattice
mismatch between the two constitutes. This is understood by
the antibonding character of the VBM which leads to a large
deformation potential, thus even a small atomic displacement
can result in a large shift of the energy level. With cluster
expansion calculations, it is also demonstrated that there is no
phase separation in the alloys, and SRO is negligible due to the
weak ECIs. Overall, structural relaxation is the main reason
for the large and nonconstant band-gap bowing coefficient
in 2D Cs2PbxSn1-xI2Cl2 alloys. These results thus highlight
the critical role of strong deformation potential and structural
relaxation effect in unusual band evolution of 2D Sn/Pb per-
ovskite alloys, and can be helpful to the modulation of their
band gap for optoelectronic applications.
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