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Two-dimensional (2D) metal halide perovskites have garnered significant attention in the field of light-
emitting diodes due to their high photoluminescence quantum yield and tunability. In comparison with
the widely studied 2D Ruddlesden-Popper (RP) perovskites, the 2D Dion-Jacobson (DJ) double per-
ovskites, which offer higher stability and nontoxicity, have received relatively less attention. In addition,
the regulatory effects of halogens on the luminescence mechanisms and performance of 2D DJ double
perovskites remain unknown. Utilizing density functional theory, the stability and luminescence prop-
erties of 2D DJ double-perovskite (CsH6N2)2AgBiXs-H,O (X =Cl, Br, I) are effectively modulated
through halogen substitution. The findings indicate that the dissociation energy incrementally increases
as the halogen changes from I to Br to Cl, suggesting that the incorporation of lighter halogens enhances
structural stability. The minimal self-trapping formation energy (i.e., 0.08 eV) of (C¢H;sN,),AgBilg-H,O
facilitates easy detrapment of self-trapped excitons, leading to a tendency toward free exciton lumines-
cence. The self-trapping formation energies of (C¢H;6N2)2AgBiBrg-H»O and (C¢H;6N»),AgBiClg-H,O
are 0.77 eV and 0.96 eV, respectively, indicating substantial self-trapping depths; thus, favoring self-
trapped exciton luminescence. In addition, the transition dipole moments of (C¢H¢N>)>AgBiBrg-H,O
and (C¢H¢N>)2AgBiClg-H,O are substantially higher than those of (C¢H¢N»)2AgBilg-H,0, suggest-
ing that substituting I with CI and Br enhances the luminous efficiency of 2D DJ double-perovskite
(C¢H6N7)2AgBiXg-H,O (X =Cl, Br, I). These results indicate that halogen substitution can not only
affect the stability of 2D DJ perovskites but also modulate their luminescent properties. Our research

provides theoretical insights for the experimental design of superior luminescent materials.
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I. INTRODUCTION

Due to their structural diversity, luminescence tunabil-
ity, and high photoluminescence quantum yield (PLQY),
two-dimensional (2D) perovskites hold significant poten-
tial in the field of luminescence [1-6]. 2D halide per-
ovskites can be divided into two main types, i.e.,
Dion-Jacobson (DJ) and Ruddlesden-Popper (RP) struc-
tures, according to the charge on the interlayer cations
[7,8]. In RP-phase perovskites, the amine groups of the
long-chain organic cations form hydrogen bonds with the
halogens of the metal halide octahedra at the inorganic
layer boundary. The adjacent organic layers are linked by
van der Waals interactions between the organic cations,
with the inorganic layer displaying (1/2, 1/2)-in-plane
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displacement along the ab-plane in each unit cell. In DJ-
phase perovskites, the long chain of organic amines is
a diamine compound, with amines at both ends form-
ing hydrogen bonds with the halogens of the two adja-
cent boundary metal halide octahedra, similar to the RP
phase. The absence of van der Waals interactions between
adjacent organic layers results in a complete overlap of
adjacent inorganic layers without any in-plane migra-
tion along the ab-plane. Therefore, compared with RP-
phase perovskites, the lack of van der Waals interac-
tions between adjacent organic layers in DJ-phase per-
ovskites may be one of the key reasons for the stability
differences between RP-phase and DJ-phase perovskites.
In 2018, Mao et al. [8] first synthesized 2D DJ-phase
organic-inorganic hybrid perovskite, utilizing 3AMP (3-
ammethylpiperidine) and 4AMP (4-ammethylpiperidine)
to prepare (A" )(MA),_1Pb, 13,41 (A’=3AMP or 4AMP,
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n=1-4). These perovskites demonstrated excellent air
stability. Shang et al. [1], while exploring high-stability 2D
perovskite light-emitting diodes, found that the half-life of
light-emitting diodes based on DJ structures exceeds 100 h,
nearly two orders of magnitude longer than the half-life
of light-emitting diodes based on 2D perovskites involv-
ing RP structures. These studies indicate that DJ structures
indeed possess advantages in stability compared with RP
structures.

In the original structure of lead halide perovskites,
a double-perovskite structure is formed by substitut-
ing a pair of lead ions with a monovalent cation and
a trivalent cation. Double perovskites are considered
effective alternatives to lead halide perovskites since
they are free of toxic elements and retain an octa-
hedral structure similar to perovskites, which has gar-
nered significant attention in recent years. Currently,
double-perovskite materials have achieved numerous suc-
cesses in the field of light-emitting diodes [9—11].
For instance, Tang’s team achieved an exceptionally
high photoluminescence quantum yield (PLQY) of 86%
for warm white light emission in three-dimensional
double-perovskite Cs;(Ag, ¢oNag4o)InClg [12]. Manna et
al. enhanced the PLQY of three-dimensional double-
perovskite Cs, AgInCl, nanocrystals by an order of mag-
nitude through Mn?* doping, which clearly demonstrates
the tunability of double-perovskite luminescence proper-
ties [13]. However, most attention has focused on three-
dimensional double perovskites, with relatively little inter-
est given to 2D double perovskites. Three-dimensional
metal halide perovskites typically exhibit narrowband
luminescence from free exciton recombination, whereas
one- and zero-dimensional metal halide perovskites gen-
erally display broadband luminescence from self-trapped
exciton recombination. However, the luminescence char-
acteristics of 2D perovskites are diverse, with some
exhibiting free exciton recombination luminescence and
others displaying self-trapped exciton recombination lumi-
nescence. We compiled the luminescence characteristics of
recently studied 2D perovskites, which are presented in the
Supplemental Material (see Table S1) [61]. It was observed
that most 2D Cl- and Br-based perovskites exhibit broad-
band emission with large Stokes shifts, whereas 2D I-
based perovskites display narrowband emission with small
Stokes shifts. Therefore, halogen substitution is anticipated
to alter the luminescence mechanisms of 2D perovskites
and regulate their properties.

Recently, Le et al. successfully synthesized 2D DIJ
double-perovskite (C¢H;6N,)2AgBilg-H,O, performing
thermogravimetric analysis and observing no significant
mass loss until the temperature reached 300 °C, indi-
cating stability under normal conditions [14]. Further-
more, they discovered that 2D DJ double-perovskite
(CsHi6N2)2AgBilg-H,O exhibited significant photocon-
ductivity under xenon lamp irradiation, indicating its

potential for application as an optoelectronic material.
This study utilizes (CsH;6N2)2AgBilg-H,O as a prototype
to investigate the effects of halogen substitution on the
luminescence properties and stability of 2D DJ double-
perovskite (CsH6N»)>,AgBiXs-H,O (X =Cl, Br, I).

II. COMPUTATIONAL METHODS

A. Density functional theory calculations

Density functional theory (DFT) calculations were per-
formed based on the Vienna ab initio simulation pack-
age (VASP) [15,16]. The Perdew-Burke-Ermzerhof (PBE)
method within the generalized gradient approximation
and the projection augmented wave method are used to
describe the interaction and exchange-correlation effects
between valence electrons and ion nuclei [17-20]. The
energy cutoff of the plane-wave cutoff was set at 400 eV in
all the calculations [21-23]. A 4 x 4 x 2 k-mesh sampling
Monkhorst—Park scheme was used in the full optimiza-
tion for 2D DJ double-perovskite (C¢HN»),AgBiXg-H,O
(X =Cl, Br, and I) until the force tolerance of each atom
was less than 0.03 eV/A [24]. The DFT-D3 function was
used to account for weak van der Waals (vdW) Interaction.

B. Dissociation energy calculations

The molecular dissociation energy refers to the energy
required for organic groups to detach from the lattice.
The formula for calculating the dissociation energy of
molecules (organic groups) is as follows:

Edissociation = Eremain + Emolecule - Esupercella (1)

where Egissociation Te€presents the molecule dissociation
energy, Eemain Signifies the total energy of the remaining
structure after the dissociation of the molecule, Eyolecule 1S
the total energy of the dissociated molecule, and Egypercelt
represents the total energy of the perfect supercell [1]. The
dissociation energy calculation used a 2 x 1 x 1 supercell.

C. Effective mass

The effective mass m* is an important parameter to
describe the motion characteristics of carriers in semi-
conductors. It can be calculated by fitting the energy-
momentum relationship in the band structure. To fit the
energy-momentum relationship near the conduction band
minimum (or valence band maximum), we use the follow-
ing parabolic equation:

n?k?

2m*’

E(k) = 2)
where E is the energy, k is the wave vector, and A is the
reduced Planck constant. The coefficients obtained from
the parabolic fitting can be used to calculate the effective
mass m* [25].
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D. Exciton binding energy

The exciton binding energy Ej is the Coulomb energy
that needs to be overcome for electrons and holes to form
excitons. For different quantum states of excitons, the bind-
ing energy can be estimated using an empirical formula
that includes the quantum number . Based on the Wannier
exciton model, the exciton binding energy is given by [26]

m*e

P Daneeen) i

G)

Here, m} is the reduced mass of electrons and holes,
defined as (1/m; = 1/m} + 1/m}); is the static dielectric
constants contributed from an electron [27], which can be
evaluated by use.,ing density functional perturbation the-
ory. Moreover, e is the electron charge. g is the vacuum
permittivity, €., is the relative permittivity of the material,
and » is the principal quantum number of the exciton state.
In our calculation, the exciton energy level n equals one,
which signifies the exciton ground state energy.

E. Calculation of the excited-state structure

All the excited-state structures in this paper are cal-
culated using the delta self-consistent field method. The
specific approach is to first move an electron from the high-
est occupied state to the lowest unoccupied state. Next, the
occupation is kept unchanged, the structure is relaxed, and
the stable excited-state structure is obtained [28].

IT1. RESULTS AND DISCUSSION

Figure 1 presents a schematic crystal structure
of 2D DJ double-perovskite (CgH;¢N2)2AgBiXg-H,O
(X =Cl, Br, I), which belongs to the triclinic crystal

(a)

FIG. 1.

system. As depicted in the figure, the inorganic layer com-
prises [BiXg]*~ and [AgXs]*~ octahedra (X =Cl, Br, I)
interconnected by halogen atoms. The irregular plate
structure of 1,4-cyclohexanediamine increases the con-
tact area between molecules, thereby enhancing inter-
molecular interaction forces and preventing relative
sliding between organic molecules, resulting in a
highly stable material structure. The 2D DJ dou-
ble perovskites (C¢H¢N2),AgBiXg-H,O (X =Cl, Br, 1)
adopt a typical 2D layered DJ perovskite frame-
work with short interlayer distances. The interlayer

o

distance for (C¢HsN2)2AgBilg-H,O is 3.869 A [see
Fig. 1(a)], for (CeH ¢N;)2AgBiBrg-H,0 it is 4.015 A
[see Fig. S7(a) in the Supplemental Material], and for
(C6H16N,),AgBIClg-H,0 it is 4.223 A [see Fig. S7(b)
within the Supplemental Material [61]]. The interlayer
distance of (C6H16N2)2AgBiX8'H20 (XZCI, BI', I)
is comparable to that of 2D DJ lead perovskite
[(4AMPY)(MA)¢Pb,I7, 4.006 A] [25] and shorter than
that of 2D RP double perovskites [(BA)4AgBiBry,
7.65673 A, and (BA),CsAgBiBr,, 8.271183 A][29].

Due to their soft structure, the organic groups in 2D
organic-inorganic hybrid perovskites can move under
external fields, leading to structural transformations of the
perovskite [30-32]. Consequently, many high-efficiency
organic-inorganic hybrid perovskite luminescent materi-
als can only sustain peak efficiency for a limited duration
[33]. The dissociation energy reflects the difficulty of
organic groups detaching from the perovskite crystal lat-
tice. Therefore, by comparing dissociation energy values,
we can evaluate the stability of organic-inorganic hybrid
perovskite structures. Based on this fact, we compared
the stability of 2D RP double-perovskite (BA)4sBiAgBrg
with 2D DJ double-perovskite (C¢H;N,)2AgBiXg-H,O

(b)

(a) Crystal structures of 2D DJ double-perovskite (C¢H;6N3)2AgBiXg-H,0 (X =Cl, Br, I). The red dotted line indicates the

layer spacing. (b) Top view of 2D DJ double-perovskite (C¢H;4N»),AgBiXs-H,O (X =Cl, Br, I).
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(X =Cl, Br, I). Both perovskites share the same octa-
hedral composition, comprising silver and bismuth octa-
hedra, making them ideal for comparing the stability
differences between 2D RP and 2D DJ double per-
ovskites. The results indicate that the dissociation energy
of 2D DJ double-perovskite (CgH;sN>),AgBiXg-H,O
(X =Cl, Br, I) exceeds 10 eV, significantly higher than
that of 2D RP double-perovskite (BA)4BiAgBrg, which is
5.43 eV. This is attributed to DJ perovskites having shorter
interlayer distances compared with RP perovskites, result-
ing in tighter binding of inorganic units to organic units,
making it more difficult for organic groups to dissociate
from the structure, thereby exhibiting higher stability.

It is well-known that iodide perovskites are the
most challenging to synthesize due to their lower
stability compared with chloride and bromide per-
ovskites. Therefore, we investigated the effects of dif-
ferent halogens on the stability of 2D DJ double-
perovskite (C6H16N2)2AgBiX8-H20 (X=C1, BI', I)
The results demonstrate that the dissociation energy
of (C¢HisN2)2AgBiClg-H,O is higher than that of
(C6H16N2)2AgBiBr8-HZO and (C6H16N2)2AgBiIS-H20,
confirming from a molecular dissociation perspective that
substituting I with CI or Br enhances structural stability.
The role of water molecules in the perovskite structure
has been studied extensively. Existing studies suggest that
water can be both beneficial and detrimental to perovskites
[34-38]. In this study, we examine the impact of water
molecules on the stability of 2D DJ double-perovskite
(C¢H6N3y)2AgBiXg-H,0O (X =Cl, Br, I) exclusively from
a stability perspective. In 2D DJ double perovskites,
water molecules link two organic groups through hydro-
gen bonds, causing these two organic groups to function
as a single unit. This structure potentially increases the
stability of the organic groups and makes them harder to
dissociate, thereby enhancing the overall stability of the
crystal structure.

To validate this hypothesis, we first relaxed 2D DIJ
double-perovskite (C¢H 6N>),AgBiXg until force conver-
gence was achieved. Subsequently, we calculated their
dissociation energies. The results indicate that regard-
less of whether X is Cl, Br, or I, the dissociation
energy of (C¢HigN3y),AgBiXg (X =Cl, Br, I) is lower
than that of (C6H16N2)2AgBng'H20 (X=C1, BI‘, I),
confirming that water molecules indeed contribute to
stabilizing the structure. In addition, the dissociation
energy of (C¢HisN2)2AgBiClg is greater than that of
(C6¢Hi6N2)2AgBiBrg, which is greater than that of
(CsHi6N2)2AgBil;, demonstrating that water molecules
do not interfere with the regulation of structural stability
by halogens. All the calculated dissociation energy results
are presented in Table I.

The band structure of 2D DJ double-perovskite
(C¢H6N3y)2AgBiXg-H,O (X =Cl, Br, 1) was computed
using the PBE, PBE+SOC, and HSEO6 methods, as

TABLEI. Calculated molecular dissociation energies of 2D DJ
double-perovskite (C¢H;sN»),AgBiXs-H,O (X =Cl, Br, 1) and
2D RP double-perovskite (BA)sBiAgBrg (C¢H 6N2)2AgBiXs
(X=Cl, Br, 1I), which refers to the structure of
(C¢Hi6N2)2AgBiXg-H,O (X =Cl, Br, 1) after water removal.

E dissociation (CV)

(C(,H](,Nz)zAgBiIB-HzO 10.35
(C6H16N2)2AgBiBr8‘H20 11.50
(CsH16N>),AgBiClg-H, O 12.15

(C¢Hi6N2)2AgBilg 9.88

(C6H16N2)2AgBiBr8 10.91
(C6H16N2)2AgBiC18 11.51
(BA)4BiAgBrg 5.43

illustrated in Fig. 2. The red dashed circles within the figure
display the first Brillouin zone of 2D DJ double-perovskite
(C6H16N2)2AgBiX8-H20 (X=C1, BI', I) and the path
utilized for band structure calculations. The calculations
reveal that 2D double-perovskite (C¢H sN2)2AgBilg-H,0,
(C6H16N2)2AgBiBr8-H20, and (C6H16N2)2AgBiC18'H20
all possess indirect band gaps. After accounting for the
spin-orbit coupling (SOC) effect, the band gap of all
three materials is significantly reduced and the band edge
shape is altered, highlighting the necessity of considering
SOC. In addition, the split bands indicate a pronounced
Rashba effect, potentially induced by a significant dis-
tortion of the silver and bismuth octahedra [39]. How-
ever, irrespective of the method, the band gap increases
as the halogen changes from I to Br to CI. This sug-
gests that halogen substitution can modulate the band
gap of (CgHsN»),AgBiXg-H,O (X =Cl, Br, I), consis-
tent with the behavior of other types of halogen per-
ovskites [40—43]. Comparing the experimental band gap
(i.e., 1.93 CV) [14] of (C6H15N2)2AgBiIS-H20 with the
theoretical band gap, it is evident that the band gap cal-
culated by the PBE method is closely aligned with the
experimental value, whereas the band gap calculated by
the PBE +SOC method and by the HSE06 method are
underestimated and overestimated, respectively. The pure
exchange-correlation function (i.e., the PBE) tends to
excessively localize the hole, resulting in an overestima-
tion of the electron—hole interaction and, thus, a reduc-
tion in the energy gap [44]. For solid-state systems, this
typically results in a significant underestimation of the
band gap. However, the localized nature of 2D double-
perovskite systems, evident from the flat band edge in
Fig. 3, makes the PBE function perform better than the
commonly employed range-separated hybrid HSE06 func-
tion for solids. Therefore, given that the PBE function can
more accurately describe the electronic structure and con-
serve computational resources, we utilized the PBE func-
tion results in the subsequent exploration of luminescence
properties.
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FIG. 2. Band structures of 2D DJ double-perovskite (C¢H¢N»)2AgBiXg-H,O (X =CI, Br, I). Band structures

of (Ce¢HisN3),AgBilg-H,O calculated using the (a) PBE, (d) PBE+SOC, and (g) HSE06 methods. Band structures of
(CsH6N2)2AgBiBrg-H,O calculated using the (b) PBE, (e) PBE+SOC, and (h) HSE06 methods. Band structures of
(C6H16N2)2AgBiClg-H,O calculated using the (c) PBE, (f) PBE+SOC, and (i) HSE06 methods. The inset of (a) shows the first
Brillouin zone and the k-path for band structure calculations of 2D DJ double-perovskite (C¢H6N3),AgBiXg-H,O (X =Cl, Br, ).

For simplicity, (C¢H 6N»),AgBiXs-H,O (X =Cl, Br, I) is abbreviated as AgBiXg.

To further explore the regulation of the energy band
by halogens, we calculated the partial density of states of
(C¢Hi6N3)2AgBiXg-H,O (X =Cl, Br, I) using the PBE
method (Fig. S3 in the Supplemental Material [61]) and
the PBE + SOC method (Fig. S2 in the Supplemental Mate-
rial [61]). Figs. S2 and S3 reveal that the conduction band
of 2D DJ double-perovskite (CgH;sN,)2AgBiXg-H,O
(X =Cl, Br, 1) is primarily composed of Bi-p and X -p
(X =Cl, Br, I) orbitals, while the valence band is mainly
composed of Ag-d and X-p (X =Cl, Br, I) orbitals. To
intuitively observe the effect of halogen on the band gap,
we compared the total density of states with the density
of projected states, as shown in Fig. S4 within the Sup-
plemental Material [61]. Figure S4(b) in the Supplemental
Material [61] illustrates that the energies of I-p, Br-p, and
Cl-p orbitals are at the same level in the valence band.
Figure S4(c) in the Supplemental Material [61] demon-
strates that, in the conduction band, the energy of X-p
orbitals increases progressively as X changes from I to
Br to Cl, consistent with the change in band gap among
(C6H16N2)2AgBi18~H20, (C6H16N2)2AgBiBr8-HZO, and
(CsH16N2)2AgBiClg-H,O. Therefore, it can be concluded

that the change in the band gap is caused by the change in
X-p (X =Cl, Br, I) orbitals. In addition, our calculations
indicate that, in all three systems, organic cations make
almost no contribution near the Fermi level and merely
provide structural support, similar to Cs ions in 2D RP pure
inorganic double-perovskite CsAgBiXg (X =Cl, Br, I).
After examining the effects of the halogens on the energy
band structure, we now discuss their impact on light
absorption properties. The optical absorption coefficient
of 2D DJ double-perovskite (CgHjsN>)2AgBiXg-H,O
(X =Cl, Br, I), calculated using the PBE and PBE + SOC
methods, is presented in Figs. S5 and S6 within the Sup-
plemental Material [61]. The calculations indicate that
these three materials exhibit high absorption coefficients
in the UV region, with the absorption coefficients decreas-
ing monotonically as the halogen changes from I to
Brto Cl.

Table II shows the effective mass and exciton binding
energy for 2D DJ double-perovskite (CgH;¢N;), AgBiXg-
H,0 (X =Cl, Br, I). From the calculations, it is evident
that the effective mass and exciton binding energy grad-
ually increase as the halogen changes from I to Br to

014064-5



LUO, LIU, YANG, and CAI

PHYS. REV. APPLIED 22, 014064 (2024)

2D DJ
perovskite

2D RP

FIG. 3. Schematic illustration of the dissociation of organic
groups in 2D DJ double-perovskite (CsH;6N>), AgBilg-H,O and
2D RP double-perovskite (BA)4AgBilg. The horizontal dashed
lines indicate the layer spacing.

CL This indicates that halogen substitution can effectively
regulate the effective mass and exciton binding energy of
2D DJ double-perovskite materials, thereby modulating
their luminescence properties. The exciton binding energy
is closely related to the free exciton (FE) emission, and
the emission energy of the FE can be calculated using
the formula Epp = Eg,p — Ej. The effective mass is associ-
ated with self-trapped exciton (STE) emission. Yan and his
team [45] have confirmed that low electron dimensionality
(i.e., a large effective mass and a flat band) is a key factor in
triggering STE. Thus, based on the effective mass results,

FIG. 4.
(C6H16N2)2AgBiBr8-H20 and (C6H16N2)2AgBiC18-HQO.

TABLE 1II. Effective mass and exciton binding energy for
(C¢Hi6N2)2AgBiXg-H,O (X =Cl, Br, I) calculated using the
PBE+SOC method. Here, E;, denotes the exciton binding
energy.

Conduction  Valence

band (m}) band (m);) Ep (eV)
(C¢Hi6N2),AgBilg-H,O 0.51 1.06 0.19
(C6H16N2)2AgBiBr8-H20 0.81 1.41 0.52
(CsH16N>),AgBiClg-H, O 1.21 1.64 0.97

(C6H16N2)2AgBiBr8-HZO and (C6H16N2)2AgBiC18'H20
appear to be more prone to STE.

Due to the tight connectivity of octahedra, three-
dimensional perovskites typically exhibit the narrowband
emission characteristics of free exciton recombination. In
contrast, one- and zero-dimensional perovskites, owing to
their relatively isolated inorganic units, generally exhibit
the broadband emission characteristics of self-trapped
exciton recombination. Compared with three- and one-
dimensional (or zero-dimensional) perovskites, the pho-
toluminescence of 2D perovskites is more diverse. Some
2D perovskite materials exhibit free exciton emission,
while others show self-trapped exciton emission. To study
the luminescence mechanism of 2D DJ double-perovskite
(C6H16N2)2AgBng-H20 (X=C1, BI', I), we calculated
its excited-state structure. Based on the computed stable
excited-state structure, we plotted the configuration coor-
dinate diagram as shown in Fig. 4. Here, E represents the
energy difference between the free exciton state and the
self-trapped state and E; denotes the lattice deformation
energy. According to the Franck-Condon principle, using
the formula Epp rg = Egsp — Ep, we calculated the emission
energies of self-trapped excitons (Epy.ste) and free exci-
tons (EpL.pg). The specific values of Ey, E;, EpL_sTE, and
Epp re are shown in Table III. Here, E; reflects the depth
of self-trapping; the larger the £y of a material, the more

(a) Configuration coordinate diagram for (C¢H;sN,),AgBilg-H,O. (b) Configuration coordinate diagram for
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TABLE III. Energy differences between states in the config-
uration coordinate and emission energies of free excitons and
self-trapped excitons. Here, E represents the energy difference
between the free excitons excited state and the self-trapped exci-
tons excited state, E; denotes the lattice deformation energy,
which is the energy difference between the self-trapped excitons
ground state structure and the ground state structure, and Epp sTg
and Epp g represent the emission energies of self-trapped exci-
tons and free excitons, respectively.

Eg Eqs  EpLste  EpL-rE
(eV) (eV) (eV) (eV)

(CsHi6N2),AgBilg-H,O 0.08 0.12 1.63 1.83
(C6H16N2)2AgBiBr8-H20 0.77 0.50 1.46 2.08
(CsHi6N2)2AgBiClg-H,O  0.96 0.58 1.39 2.14

difficult it is for excitons to detrap from the STE state to
the FE state.

From the calculations, it is evident that the self-trapping
formation energy of (CsHi¢N2)2AgBilg-H,O is very low,
and excitons can easily detrap from the STE state to
the FE state. Therefore, the STE state may not be sta-
ble at room temperature. The experimentally measured
emission energy of (C¢H;¢N2),AgBilg-H,O is approxi-
mately 1.85 eV, which is consistent with the calculated
free exciton emission energy, confirming our hypothe-
sis and the reliability of the calculations [14]. The self-
trapping formation energies of (CsH sN;)2AgBiBrg-H,O
and (CsH;6N2)2AgBiClg-H,O are relatively high, making
it difficult for excitons to gain the thermal energy needed
to detrap to the free exciton state. Therefore, their STE
states are stable. Due to the lower energy of STE, which
is thermodynamically more favorable, the luminescence of
(C6H16N2)2AgBiBr8-HzO and (C(,H](,Nz)zAgBiClg'HzO
will predominantly arise from the STE. The above results
indicate that different halogens can result in varying self-
trapping depths in 2D DJ double perovskites, thereby
affecting their luminescence mechanisms. We speculate
that the larger mass and volume of the I atom make
the [Pblg]*~ octahedron more resistant to deformation,
resulting in less distortion of the [Pblg]*~ octahedron
under strong electron-phonon coupling, thereby leading to
smaller Eg and E,; in iodide perovskites.

The PLQY is defined as the ratio of the radia-
tive recombination rate to the total recombination rate,
which includes both nonradiative and radiative recom-
bination rates. According to Fermi’s golden rule, the
radiative recombination rate is proportional to the tran-
sition dipole moment [28]. A qualitative comparison of
PLQY using transition dipole moments has been val-
idated and is widely used [12,46-50]. Therefore, by
comparing the transition dipole moments, we can qual-
itatively assess the effects of halogens on the PLQY
of (C¢HgN»)2AgBiXg-H,O (X =Cl, Br, I). Figure 5
shows the transition dipole moments of the STE and FE
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FIG. 5. Transition dipole moments for the free exciton
state and self-trapped exciton state of (C¢H;sN>)>,AgBiXs-H,O
(X =Cl, Br, I).

structures for (C6H16N2)2AgBng'H20 (X=C1, BI', I)
First, we find that, for (C¢H1¢N2)2AgBilg-H,O, the tran-
sition dipole moment of the FE structure is slightly
larger than that of the STE structure, indicating that
(CsHi6N2)2AgBilg-H,0 is more suitable for FE emission.
For (C6H16N2)2AgBiBr8-H20 and (C6H16N2)2AgBiC18~
H,O, the transition dipole moment of the STE structure
is greater than that of the FE structure, indicating that
(C6H16N2)2AgBiBr8-HZO and (C6H16N2)2AgBiC18-H20
are more suitable for STE emission. In addition, we find
that the transition dipole moment of the STE structure of
(C6H16N2)2AgBiBr8-H20 and (C6H16N2)2AgBiC18-H20
is significantly higher than that of the FE structure
of the three materials. Since (C¢H;sN2)2AgBiBrg-H,O
and (C¢Hi¢N,),AgBiClg-H,O are predominantly STE,
they will exhibit stronger luminous efficiency than
(CeHi6N2)2AgBilg-H,O. These results suggest that halo-
gens can enhance the luminescence performance of 2D DJ
double perovskites by altering their luminescence mech-
anism. In addition, 2D DJ-chloride double perovskite is
expected to exhibit superior luminescence performance
compared with 2D DJ-bromide double and DJ-iodide dou-
ble perovskites.

The transition dipole moment is proportional to the
overlap of the electron and hole wave functions; therefore,
changes in the transition dipole moment can be eluci-
dated by analyzing the changes in partial charge density.
Figures 6 and S10 (within the Supplemental Material [61])
depict the partial charge densities of the FE and STE states
for 2D DJ double-perovskite (CsHisN2)2AgBilg-H,0,
(C6H16N2)2AgBiBr8~H20, and (C6H16N2)2AgB1C18H20
The calculations indicate that the differences in par-
tial charge density between the FE and STE states of
(CeHi6N2)2AgBilg-H,O are minimal. This is because the
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FIG. 6. Partial charge density of (C¢HsN»)2AgBilg-H,O and
(CsH6N3),AgBiBrg-H,O. The yellow and red isosurfaces rep-
resent the distribution of holes and electrons, respectively. The
isosurface value is set at 0.0008 eA.

structural differences between the FE and STE states of
(CeHi6N2)2AgBilg-H,O are minimal (i.e., a small E;). For
(C6H16N2)2AgBiBr8-HzO and (C6H16N2)2AgBiC18-H20,
the significant structural differences between the FE and
STE states (a large E,;) result in noticeable changes in
the partial charge density. This difference causes a signif-
icant increase in the overlap of electron and hole wave
functions at the connection between the Bi octahedron
and the Ag octahedron in their STE structures. This also
explains why the STE state in (C¢H;6N3)2AgBiBrg-H,O
and (C¢H;6N,),AgBiClg-H,O exhibits a larger transition
dipole moment compared with the FE state.

IV. CONCLUSION

In conclusion, this study discusses the effects of
halogens on the stability, electronic structure, and
luminescence properties of 2D DJ double-perovskite
(C¢H6N;)2AgBiXg-H,O (X =Cl, Br, I) in detail. In terms
of stability, as the halogen changes from I to Br to
Cl, the dissociation energy of (CgHsN»),AgBiXg-H,O
(X =Cl, Br, I) gradually increases, indicating that replac-
ing I with a lighter halogen improves the material’s sta-
bility. Regarding electronic structure, (C¢H;6N3), AgBiXs-
H,0 (X =Cl, Br, I) follows the same trend as other halo-
gen perovskites; as the halogen changes from CI to Br to
I, the band gap gradually decreases while light absorption
gradually increases. Concerning luminescence properties,
the luminescence mechanism of (C¢H;6N3)2AgBilg-H,O

is primarily free exciton emission, resulting in rela-
tively low luminescence efficiency. The luminescence of
(C6H16N2)2AgBiBr8~H20 and (C6H16N2)2AgBiC18-H20
is primarily STE, with higher luminous efficiency. In
summary, our study successfully regulated the stability
and luminescence properties of 2D DJ double perovskites
using halogens. These results provide theoretical guidance
for designing superior luminescent materials.

The data that support the findings of this study are
available from the corresponding authors upon reasonable
request.
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