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Unraveling luminescence mechanisms in zero-dimensional
halide perovskites

First-principles calculations of exciton properties reveal the
mechanisms behind the wide range of photoluminescence
quantum efficiencies observed in zero-dimensional halide
perovskites.
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Zero-dimensional (0D) halides perovskites, in which anionic metal-halide octahedra (MXe)*~ are separated
by organic or inorganic countercations, have recently shown promise as excellent luminescent materials.
However, the origin of the photoluminescence (PL) and, in particular, the different photophysical properties
in hybrid organic—inorganic and all inorganic halides are still poorly understood. In this work, first-principles
calculations were performed to study the excitons and intrinsic defects in OD hybrid organic-inorganic
halides (C4N5H;4X)4SnXg (X = Br, 1), which exhibit a high photoluminescence quantum efficiency (PLQE) at
room temperature (RT), and also in the OD inorganic halide Cs4PbBrg, which suffers from strong thermal
quenching when T > 100 K. We show that the excitons in all three 0D halides are strongly bound and
cannot be detrapped or dissociated at RT, which leads to immobile excitons in (C4NzH14X)4SnXs. However,
the excitons in Cs4PbBrg can still migrate by tunneling, enabled by the resonant transfer of excitation
energy (Dexter energy transfer). The exciton migration in Cs4PbBrg leads to a higher probability of trapping
and nonradiative recombination at the intrinsic defects. We show that a large Stokes shift and the negligible
electronic coupling between luminescent centers are important for suppressing exciton migration; thereby,
enhancing the photoluminescence quantum efficiency. Our results also suggest that the frequently observed
bright green emission in Cs4PbBrg is not due to the exciton or defect-induced emission in Cs4PbBrg but
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[. Introduction

Hybrid organic-inorganic metal halides (HOIMHs) are a large
family of materials that consist of 3D, 2D, 1D, or 0D anionic
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rather the result of exciton emission from CsPbBrs inclusions trapped in Cs4PbBrs.

metal halide frameworks and organic cations." The broad
compositional and structural flexibilities of HOIMHs offer great
tunability of their physical properties, which have been explored
for a wide range of applications, such as photovoltaics,” light-
emitting diode (LED),® laser,>’ radiation detection,” and down-
converting phosphors.” ™ Pb and Sn based 3D halide perovskites
exhibit excellent carrier transport properties.'®* CH;NH;Pbl;
and related materials have been extensively studied as solar
absorber materials.””® Lowering the dimensionality of the poly-
anionic inorganic networks from 3D, 2D, 1D, to 0D leads to
increasingly more localized electronic states and consequently
narrower conduction and valence bands, which promote the self-
trapping of excitons and stronger exciton emission. As a result,
efficient luminescence at a wide range of emission wavelengths
has been observed in low-dimensional HOIMHs;” %22 the
highest PLQE were found in 0D compounds.'®** The high
attainable PLQE and the tunable emission energy render the
0D metal halides promising luminescent materials for energy-
efficient lighting and radiation detection.

Recently, Ma and coworkers reported a series of visible-light-
emitting 0D HOIMHs (C,N,H,,X),SnX (X = Br, I) with high PLQE
[up to unity for (C4,N,H,4Br),SnBrs and 80% for (C;N,H41),Snlg];
the highly efficient luminescence was attributed to self-trapped
excitons.” In addition, a related 0D inorganic metal halide

This joumal is © The Royal Society of Chemistry 2018
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Cs4PbBrg, which has the same 4-1-6 composition ratio as the
highly luminescent (C4N,H;4X),SnXs (X = Br, I), has been
reported to display strong green luminescence (~ 520 nm) with
a high PLQE up to 97%.>*>° However, the origin of the green
luminescence in Cs,PbBr, has been under intense debate.2”2%32
Several luminescence mechanisms have been proposed, such as
exciton or defect-related emission in Cs,PbBrs and emission by
CsPbBr; impurities.*® Despite the strong green emission reported
by many authors,”>* Akkerman et al showed no significant
visible light emission from Cs,PbBr:*° and Nikl et al., showed
that bulk Cs,PbBr, exhibits UV emission (centered at 375 nm),
which suffers from severe reduction of PL intensity when
T > 100 K;** however, the mechanism of the thermal quenching
of luminescence is unknown. The lack of a microscopic under-
standing of the underlying mechanisms behind various photo-
physical properties observed in 0D HOIMHs and related
inorganic metal halides hindered the design and the develop-
ment of these novel materials towards high PLQE and optimized
the emission energies for targeted applications.

In this work, hybrid density functional theory (DFT) calcula-
tions were performed to study the electronic and dielectric
properties, exciton dynamics (optical excitation, relaxation, and
emission), and exciton trapping by defects in 0D HOIMH, i.e.,
(C4N,H;4X)4SnX, (X = Br, I) and the related inorganic Cs,PbBre.
The calculated optical excitation and emission energies of excitons
in (C4N;H;4X)sSnXg (X = Br, I) and Cs4PbBrs are in excellent
agreement with the experimental results, demonstrating the
validity of the hybrid DFT method in describing both the
electronic structure and the structural relaxation at the excited
state of these 0D metal halides. Our results show that excitons
are immobile in (C,N,H,,Br),SnX, (X = Br, I) but can migrate in
Cs,PbBrg by tunneling enabled by resonant transfer of excitation
energy. The countercations play a critical role in determining
the efficiency of exciton migration and the subsequent trapping
at halogen vacancies, which explains the high PLQE in
(C4N,H,4X),SnX, and the strong thermal quenching in Cs,PbBre.
Furthermore, we show that the frequently observed green emis-
sion in Cs4PbBr is not due to the intrinsic properties of Cs,PbBrg
but rather the result of CsPbBr; inclusion.

Il. Computational methods

Electronic band structures, density of states (DOS), and dielec-
tric constants of bulk compounds were calculated using
Perdew-Burke-Emzerhof (PBE) exchange—correlation functional®®
while excitons and defects were treated by using the more
advanced hybrid PBEO functional,*® which has 25% non-local
Fock exchange. Previous PBEO calculations have provided accu-
rate results in exciton excitation and emission energies
in hybrid organic-inorganic halide perovskites.’” Spin-orbit
coupling (SOC) was included in the calculations on Cs,PbBrg
only because it was shown previously that the SOC has a strong
effect on Pb-6p levels.*® Our tests show that including the SOC
reduces the band gaps of (C4N,H;4Br),SnBrg, (C4N>H;41),Snl,
and Cs,PbBrg, by 0.11 €V, 0.18 €V, and 0.69 eV, respectively.
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(More details of the computational methods are given in
Section S1 in the ESLi)

Following the Franck-Condon principle, the exciton excita-
tion and emission energies were obtained by calculating the total
energy differences between the excited and the ground states
using the PBEO-optimized ground-state and excited-state struc-
tures, respectively. For (C4N,H,4X),SnX, (X = Br, I), a spin-singlet
exciton was considered when calculating the excitation energy
because this is a spin-allowed transition while a spin-triplet
exciton was considered for calculating the emission energy
because the spin-triplet exciton is more stable than the spin-
singlet one. The slow PL decay on the order of microseconds
observed for (C,N,H,4X),SnX, (X = Br, I)'® is consistent with the
spin-forbidden transition for the radiative recombination of
the spin-triplet excitons. For Cs,PbBrg, there is srong mixing
between the spin-singlet and -triplet states of the exciton due to
the strong SOC effect on Pb; thus, the SOC was included in
calculations. The exciton binding energy (relative to a free
exciton) was calculated by AEy, = E(GS) + Eg — E(exciton), where
E(GS) and E(exciton) are the total energies of the ground state
and the exciton, respectively, and E, is the band gap.

[Il. Results and discussion

A. Electronic structure

(C4N,H,4X)4SnX¢ (X = Br, I) and Cs,PbBre all have the 0D
structure that contains isolated anionic metal-halide octahedra
(MX,)*~ separated by (C;N,H,4X)" or Cs* countercations (Fig. 1);
in addition, they have the same 4-1-6 composition ratio. The
valence and the conduction bands of all three compounds are
dominated by the electronic states derived from anionic (MX,)*~
clusters as shown by the DOS in Fig. 2. The electronic bands
derived from the countercations are far away from the band gap.
The band structure of Cs,PbBr in Fig. 2(e) is in good agreement
with previous PBE calculations.*® The PBE0 band gaps of
(C4N,H,,X),SnX, (X = Br, I) and Cs,PbBr, are 5.1 €V, 4.43 €V,
and 4.80 eV, respectively. (The PBE*® and PBE0*® band gaps are
compared in the Section S2 in the ESLi) Both the conduction
and the valence bands of (C;N,H;4X),SnX, are nearly dispersion-
less [Fig. 2(a) and (c)], indicating negligible electronic coupling
between SnX; clusters. The shortest inter-cluster Br-Br distance
in (C4N,H;4Br),SnBr; is 6.33 A. On the other hand, the shortest
inter-cluster Br-Br distance in Cs,PbBrg is only 4.07 A (due to
the relatively small Cs" ion), which leads to inter-cluster wave-
function overlap and the relatively dispersive valence band as
shown in Fig. 2(e). (This has an important consequence on
exciton migration, which is to be discussed in Section IIID).

B. Exciton binding, relaxation, excitation, and emission

The small dispersion in both the valence and the conduction
bands of (C,N,H,,X),SnX (X = Br, I) and Cs,PbBr, as shown in
Fig. 2 promote strong localization of excitons at the (MXg)*"
metal halide octahedra. The calculated binding energies of the
relaxed excitons (relative to free excitons) (E§¥'** in Table 1) in
(C4N,H, 4Br),SnBrg, (C4N,H,41),Snls, and Cs,PbBrg are 2.19 eV,
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Fig. 1 Structures of (a) (C4N;Hy4Br)sSnBrg, (b) (CsNH,4)4Snls, and (c) Cs4PbBrs.

1.93 €V, and 1.25 €V, respectively. The large exciton binding
energies suggest that free excitons do not exist in these 0D
halide perovskites in the entire temperature range where these
compounds are stable as solids. The electron-hole Coulomb
attraction is strong as indicated by the large binding energies
(>1 eV) of unrelaxed excitons (Es"™'** in Table 1). Such a strong
Coulomb binding is due to the 0D crystal structure, which not

6400 | J Mater. Chem. C, 2018, 6, 6398—-6405
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only confines the electron and the hole within a metal-halide
octahedron but also reduces the dielectric constant substan-
tially from the 3D compounds. The calculated static dielectric
constants of (C4N,H, 4Br),SnBrg, (C4N,H;41),Snlg, and Cs,PbBrg
are 11.9, 7.7, and 7.7, respectively, much smaller than those of
the 3D halide perovskite counterparts (e.g., 32.0 in CH;NH;SnBr3,
29.5 in CH3;NH;SnlI3,19.2 in CsSnBr;). The large ionic contribu-
tion to the static dielectric constant commonly seen in halides
that contain ns” cations (e.g., Sn**, Pb>")**™** is suppressed by
the 0D crystal structure. [See ESI (Section S3) for details.]
Besides the strong Coulomb binding, the extended excited-
state structural relaxation (as evidenced by significant bond
length changes shown in Table 1) lowers the exciton energies
substantially in (C4N,H;4X)sSnXs (X = Br, I), ie, 0.97 eV
and 0.75 eV, respectively (Table 1). However, the excited-state
structural relaxation lowers the total energy by only 0.08 eV
in Cs4PbBrg. The calculated exciton relaxation energy and the
exciton emission energy in Cs,PbBre are in good agreement
with a recent theoretical study.”* Thus, the excited-state
potential energy landscape for Cs,PbBrg is much flatter than
those for (C,N,H,,X),SnX, (X = Br, I) [Fig. S1, ESI{].

Here, we use (C4N,H;4Br),SnBr, as an example to show the
details of exciton dynamics revealed by our calculations. Upon
excitation of one electron, the unrelaxed spin-singlet exciton
is localized on only one (SnBre)*~ cluster and inserts deep
electron and the hole levels inside the band gap [Fig. S2(a),
ESIt]. The spin-singlet exciton undergoes the intersystem cross-
ing and becomes a more stable spin-triplet exciton. Our calcu-
lations show that the spin-triplet exciton is more stable than
the spin-singlet exciton by 0.28 eV without structural relaxation.
The structural relaxation of both the spin-triplet and singlet
excitons increases the triplet-singlet energy splitting to 0.33 eV.
This is supported by the observed slow emission decay (on the
order of ps),"® which is characteristic for the spin-forbidden
triplet exciton emission. Since only one of the three Sn-5p
orbitals is occupied by the excited electron, the structure
relaxation of the spin-triplet exciton causes the elongation of
two Sn-Br bonds within the (SnBrg)*~ octahedron; the other
four Sn-Br bonds are shortened due to the hole centered at Sn,
which attracts the four Br~ ions. Thus, the electron state is a
Sn-5p-Br-4p-hybridized orbital while the hole state is a Sn-5s-
Br-4p-hybridized orbital and both are of antibonding character.
These are demonstrated by the calculated partial density con-
tours of the electron and the hole wavefunctions in the relaxed
spin-triplet exciton (Fig. 3). The exciton relaxation enhances
localization as both the electron and the hole levels are moved
deeper into the band gap as shown in the DOS (Fig. S2, ESI{).
The two Sn-Br bonds where the excited electron resides are
elongated by 19.8% in average while the four Sn-Br bonds
where the hole resides are shortened by 9.9% in average. In
(C4N,H, 41)4Snl¢ and Cs,PbBrg, a similar structural distortion
occurs upon exciton excitation as shown in Table 1. We also
tested a different exciton structure, in which the hole is localized
by forming a halogen-halogen bond like a V, center.** However,
such an exciton structure is not stable in all three compounds.
Table 2 shows the calculated exciton excitation and emission

This joumal is © The Royal Society of Chemistry 2018
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Fig. 2 Electronic band structures and density of states (DOS) of (C4NzH14Br)sSnBrg (@ and b), (C4NHy4l)4Snlg (c and d), and Cs4PbBrg (e and f) calculated
using PBE functionals. The spin—orbit coupling (SOC) is included in the calculations for Cs4PbBrg due to the strong effect of the SOC on Pb-6p levels.

Note that the PBE band gaps are underestimated.

Table 1 Binding energies of the unrelaxed (F&"™'*) and the relaxed (EEF**)
excitons, exciton relaxation energies (AE = Fg'®* — F§™*#%), and the structural
distortion of the metal halide octahedron (MX6}4_ due to the exciton relaxation:
average increase (decrease) of the length of the two (four) metal—halogen
(M—X) bonds where the electron (hole) resides within the (MXg)*~ cluster.
All the results are based on hybrid functional PBEQ calculations

(C4N,H,,Br),SnBrg (C,N,H,,1),Snl Cs,PbBr,

Egnrelex (gy) 1.22 1.18 117
ER'™ (eV) 2.19 1.93 1.25
AE (eV) 0.97 0.75 0.08
Two elongated M-X 19.8% 17.0% 15.6%
bonds

Four shortened M-X —9.9% —6.5% —3.7%
bonds

energies in (C4N,H;4X)sSnXs,(X = Br, I) and Cs,PbBrs; the
excellent agreement between theory and experiment demon-
strates that the electron-hole Coulomb binding in the exciton
and the excited-state structural relaxation are described very
well by the PBEO calculation.

C. Exciton trapping at halogen vacancies

Photoexcited excitons can be trapped by native defects and
undergo nonradiative recombination; thereby, causing loss of
photon emission. The dominant native defects in halides are
usually vacancies.*®*” Among vacancies, the halogen vacancies
are known to be deep centers in halides. However, the halogen
vacancies in several 3D halide perovskites (such as CH;NH;Pbl;
and CsPbBr;) were found to be shallow.*>***% To clarify
this issue in 0D metal halides, we calculated the exciton

This joumal is © The Royal Society of Chemistry 2018

Fig. 3 Partial density contours of the hole (a) and the electron (b) in a
relaxed exciton in (CsMN2H14Br)sSnBrg; (a) and (b) are viewed from the
directions of axes a and b, respectively.

trapping energies at the most stable Vx in (C4N,H,4Br),SnBr,
(C4N,H, 41)4Snlg, and Cs4PbBrg; they were found to be 0.41 eV,
0.22 eV, and 0.59 eV (Table 3), respectively, indicating
deep trapping. [See the ESIi (Section S4) for details of the
structure and the electronic structure of the bound excitons at
halogen vacancies.] Thus, these halogen vacancies are effective
exciton traps, which are abundant in solution-grown halide
perovskites, and may cause nonradiative recombination of
excitons. However, if the excitons are immobile, the probability
of excitons getting trapped by halogen vacancies and other
defects would be significantly reduced. Thus, the mobility of
excitons is the key to the efficiency of the non-radiative recom-
bination at defects.

J. Mater. Chem. C, 2018, 6, 6398-6405 | 6401
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Table2 Exciton excitation and emission energies as well as Stoke shifts in
(C4NsH14Br) 4SnBrg, (C4NaHy41)5Snlg, and Cs4PbBrg, calculated using hybrid
PBEO functionals. The experimentally measured excitation and emission
energies are shown in parentheses

Excitation Emission Stokes

energy (eV) energy (eV)  shift (eV)
(CaNzH14Br),SnBrs  3.88 (3.49%) 2.15(2.34%) 1.73 (1.159)
(C4N,H,,1),Snlg 3.25 (3.03%) 1.93(1.98%)  1.32 (1.05%)
Cs, PbBr 3.63 (4.00; 3.95%%)  3.05(3.31%)  0.58 (0.69)

@ Ref. 15. ? Ref. 34. © Ref. 30. ¢ Ref. 45.

D. Exciton migration by resonant energy transfer and thermal
quenching of luminescence in Cs,PbBr

The exciton diffusion by thermal activation should be inefficient in
(C;N,H, ,X),SnX; (X = Br, I) and Cs,PbBr, at room temperature due
to the large exciton binding energies (Table 1) and the weak inter-
cluster electronic and vibrational coupling. Exciton tunneling
between inorganic clusters should be more efficient if the resonant
condition is satisfied, iLe., there is a spectral overlap between
exciton excitation and emission and significant interaction
between MX;g clusters through wavefunction overlap or multi-
polar interaction.*>*" Clearly, a large Stokes shift is critically
important for suppressing the resonant transfer of excitation
energy in 0D halide perovskites as discussed below.

Stronger excited-state structural relaxation leads to a larger
Stokes shift as shown in Tables 1 and 2. The volumes for one
formula unit of (C4N,H;4Br),SnBrg, (C;N,H;41),Snls, and Cs,PbBrg
are 974.945 A*) 1124.94 A%, and 470.585 A®, respectively. Clearly,
among these three 0D compounds, Cs/PbBrg has the most
compact structure [Fig. 1(c)], which results in the smallest exciton
relaxation energy (Table 1) and the smallest Stokes shift (Table 2)
(see a schematic in Fig. S1, ESIf). The experimentally measured
exciton excitation and the emission energies in Cs,PbBrg are
4.00 eV (310 nm) and 3.31 eV (375 nm), respectively. The Stokes
shift of 65 nm is relatively small compared to the typical broad
exciton emission bands (FWHM > 100 nm) observed in 0D metal
halides.'® At 4.2 K, the exciton excitation and emission bands in
Cs4PbBrg do not overlap and the UV emission at 375 nm was
observed.** With increasing temperature, both the excitation
and the emission bands are expected to be broadened due to the
phonon participation in the optical transitions. The phonon
broadening should be significant in low-dimensional metal
halides due to the soft phonons involved.*” For example, as
temperature rises from 77 K to RT, the FWHM of the exciton
emission band increases from 63 nm (0.276 eV) to 105 nm

Table 3 Excitation and emission energies of halogen-vacancy-bound
excitons and Stoke shifts as well as the exciton binding energy at the
halogen vacancies in (C4NsHy4Br)sSnBrg, (CsNaHy4l)sSnlg, and Cs4PbBrg,
calculated using hybrid PBEO functionals

Excitation Emission Stokes  Exciton trapping
energy (eV) energy (eV) shift (eV) energy (eV)

(C4N,H,,Br),SnBrg 3.58 1.81 1.77 0.41
(C4N,H,,I),Snl;  3.11 1.65 1.46 0.22
Cs,PbBrg 3.32 2.53 0.79 0.59
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(0.409 eV) for (C4N,H;4Br),SnBrg and from 63 nm (0.198 eV) to
118 nm (0.373 €V) for (C4N,H, 41),Snl,."® The exciton emission
band for Pb compounds appear to be even broader than those
in the Sn compounds shown above. For 1D C4;N,H,4PbBr,, the
FWHM of the emission band due to the self-trapped exciton
(STE) is already broad at 77 K, i.e., 103 nm (0.455 eV);'* at RT,
the FWHM is estimated to be about 149 nm (0.836 eV). The
exciton excitation band for the low-dimensional metal halides
is also broad at RT. For example, the FWHM of the exciton
excitation bands in (C4N,H,4Br),SnBrg and (C4N,H,,41),Snl at
RT are 81 nm (0.896 eV) and 116 nm (0.979 eV), respectively.
Based on the above results, it is expected that the excitation and the
emission bands of excitons in Cs,PbBrg are both broadened with
increasing temperature and overlap at RT due to the relatively small
Stokes shift of 65 nm (0.69 eV). This is supported by the observed
broad and overlapping excitonic absorption and emission bands in
the UV region in the optical absorption and PL spectra in Cs,PbBrs.*>
The spectral overlap and the significant electronic coupling among
(PbBre)*~ octahedra in Cs,PbBry [evidenced by the relatively
dispersive valence band [Fig. 2(e]] should enable nonradiative
resonant transfer of the excitation energy (Dexter energy
transfer’!), which leads to exciton migration (Fig. 4)].>°"* Thus,
the mechanism of thermal quenching of the UV emission
(when T > 100 K) in Cs,PbBrs**! is likely the concentration
quenching (rather than the exciton dissociation), which is
frequently observed in heavily activator-doped phosphors,>°
Le., the high concentration of luminescent centers with a
spectral overlap between excitation and emission enables reso-
nant transfer of excitation energy among luminescent centers
and the subsequent energy loss at defects. The role of the rising
temperature is to increase the spectral overlap.

E. Immobile excitons and high PLQE in (C4N,H,4X);SnX,
(X =Br, )

In contrast to Cs,PbBrg, the large Stokes shifts in (C4N,H; 4Br),SnBrg
(215 nm) and (C,N,H, 41),Snl (210 nm)'® prevent the spectral over-
lap; in addition, the presence of large organic cations suppresses
electronic coupling among (SnXs)*~ octahedra as shown by the
nearly dispersionless valence and conduction bands [Fig. 2(a)
and (c)]. Therefore, no significant resonant transfer of the
excitation energy is expected (Fig. 4). The resulting immobile
excitons in (C4N,H,,4X),SnXs (X = Br, I) have a low probability of
interacting with the intrinsic defects, thereby leading to a high
PLQE as observed in experiment.'® The immobility of excitons
is important because the defect density in solution-grown
hybrid halide perovskites is likely high as suggested by the
significant absorption tail below the optical absorption edge
in (C4N,H,,4X),SnX, (X = Br, 1)." The defect-related optical
emission is absent from the PL spectra. The PL intensity in
(C4N,H, 4Br),SnBr, displays linear dependence on the excita-
tion power'” instead of a saturation behavior that is expected
when the defects are filled by photo-excited electrons. This
behavior indicates that the emission is due to excitons not
defects.*®*” Direct optical excitation at the energies within the
absorption tail (below the absorption edge) does not lead to any
observable emission. Our calculated excitation and emission

This joumal is © The Royal Society of Chemistry 2018
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Cs,PbBrg

I Small interstitial space I

—
| Strong exciton relaxation |
:

Negligible coupling

e
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!
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[ Large Stokes shift | between SnX; clusters [ Small Stokes shift | between PbBr; clusters
I No Spectra overlap | I Spectra overlap |
I Immobile Exciton | Resonant transfer of excitation energy
Exciton Migration by tunneling
Excitation Emission Excitation Emission
[ ]
¥
Large Stokes shift Small Stokes shift

Fig. 4 lllustration of the mechanisms that lead to the immobile excitons in (C4N2H14X)45nXg (X = Br, 1) and the mobile excitons in Cs4PbBrg. Excitons are
deeply bound in all three compounds. However, the excitons in Cs4PbBrg can migrate by tunneling.

due to bound excitons at halogen vacancies (Table 3) were not
observed in experiment. These results suggest that the rate of
nonradiative recombination at defects may be high, which
suppresses the optical emission from excitons excited locally at
defects. Therefore, suppressing exciton migration and exciton-
defect interaction is essential to efficient luminescence, which
highlights the importance of large organic cations that prevents
the transport of excitation energy.

F. Green emission in Cs,PbBrg

We have explained the thermal quenching of the UV emission
in Cs,PbBrg above. Next, we discuss the origin of the frequently
observed green emission (~520 nm or 2.39 eV) in Cs,PbBre.
The calculated fundamental band gap (4.8 eV) and excitonic
absorption energy (3.63 eV) are both substantially higher than
the optical absorption edge (2.3-2.4 eV) in green-emitting
Cs,4PbBr,;, which suggest that the green emission is not due
to the exciton emission in Cs,PbBrg. The Br vacancy (Vg,)*' and
the Pb antisite defect [Pbg, (Pb occupying a Cs site)]*> have also
been suggested to be the origin of green emission in Cs,PbBrg.
However, the calculated Stokes shift of 0.79 eV of the bound
exciton at Vg, (Table 3) is substantially larger than that observed
in green-emitting Cs,PbBr, (< 0.1 eV) [due to the strong excited-
state structural relaxation (see Section S4 in ESIf)]; the calculated
emission energy of the bound exciton at Pb¢, (0.99 eV) is too
small to account for the green emission (2.3-2.4 eV). Therefore,
our calculations do not support the Vg~ or Pb.-induced green
emission mechanism.

In fact, the experimentally observed onset of the optical
absorption,?*?6:?%31 excitation and the emission energies

This joumal is @ The Royal Society of Chemistry 2018

(2.3-2.4 eV), the narrow emission band (15-24 nm),**252831
and the fast PL decay (a few to a few tens of ns)™*>*>%?
in green-emitting Cs,PbBrg all agree well with those observed in
CsPbBr;.*>** Several papers reported that the emission energy is
slightly higher than the optical absorption edge,***”*" which is
also consistent with the above-band-gap emission observed in
bulk CsPbBr;.>»%* A recent review of the experimental studies of
Cs4PbBrg supported the view that the green emission is due to
CsPbBr; nanocrystals embedded in bulk Cs,PbBrg.>* We provide
additional discussion on the experimental measurements on the
band gap, the exciton binding energy, and the dependence of the
PL intensity on excitation power in green-emitting Cs,PbBrg in
the ESIf (Section S5).

The above experimental and theoretical results suggest that
the observed optical absorption (2.3-2.4 eV) and the sub-
sequent green emission in Cs4PbBrg is likely due to CsPbBr;
inclusions trapped in Cs PbBrg. The small CsPbBr; inclusions
serve as efficient luminescent centers in Cs,PbBrs, which trap
excitons due to the much smaller band gap of CsPbBr; than
that of Cs,PbBrg. The encapsulating Cs,PbBrg may play the role
of surface passivation for the CsPbBr; inclusions, which
enhances the PLQE. The PLQE of the green-emitting Cs,PbBrg
was measured using sub-band-gap excitation energies below
the excitonic absorption energy of Cs,PbBrg>**”*' and, there-
fore, should be the PLQE of Cs,PbBrg-encapsulated CsPbBr;
(in analogy to core-shell structured quantum dots). A recent
experimental study demonstrated the high PLQE of 97% in
green-emitting Cs,PbBrs and showed CsPbBr; nanocrystals
embedded in Cs,PbBrg based on high-resolution transmission
electron microscopy.*’

observed
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IV. Summary and outlook

Hybrid DFT calculations have been performed to gain a funda-
mental understanding of the different photophysical properties
of 0D hybrid organic-inorganic halides (C;N,H;,X),SnXg
(X =Br, I) and the inorganic metal halide Cs,PbBr. The calculated
exciton excitation and emission energies agree very well with the
experimental results. These 0D halides all have strongly bound
excitons, which cannot be detrapped or dissociated at RT. As a
result, the excitons in (C4N,H,4Br),SnX¢ (X = Br, I) are immobile.
However, excitons can migrate in Cs,PbBr, by tunneling enabled by
the resonant transfer of excitation energy (Fig. 4). The relatively
small Cs* cation in Cs,PbBrg leads to electronic coupling between
luminescent centers (PbBrg clusters) and spectral overlap between
excitation and emission - the two conditions that enable the
resonant energy transfer (exciton tunneling). The exciton migration
in Cs,PbBr, results in energy loss at the defects. Thus, these results
explain the high PLQE in (C,N,H,,X),SnX, and the strong thermal
quenching of the UV emission in Cs/PbBrs. The frequently
observed green emission (~520 nm) in Cs,PbBrg is not due to
the exciton or defect-induced emission in Cs,PbBrg but rather the
result of exciton trapping and emission by CsPbBr; inclusions
in bulk Cs,PbBrs. We suggest that a large Stokes shift and the
negligible electronic coupling between luminescent centers in 0D
metal halides are important for suppressing exciton migration;
thereby, enhancing the photoluminescence quantum efficiency.
Although the allinorganic halide Cs,PbBrg is not emissive at RT,
efficient luminescence may be found in 0D inorganic halides,
which have more effective exciton traps such as Eu*', or in double
perovskite halides, in which the distance between luminescent
centers is long. These insights are useful for the future develop-
ment of highly luminescent 0D metal halides as bright phosphors
(for lighting) and scintillators (for radiation detection).
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