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Lattice Engineering via Transition Metal lons for Boosting
Photoluminescence Quantum Yields of Lead-Free Layered
Double Perovskite Nanocrystals

Maning Liu,* Sri Kasi Matta, Tarek Al Said, Jiatu Liu, Anastasia Matuhina,
Basheer Al-Anesi, Harri Ali-Loytty, Kimmo Lahtonen, Slavy P. Russo, and Paola Vivo

Lead-free layered double perovskite nanocrystals (NCs), i.e.,

Cs,M(I1)M(111),Cl,,, have recently attracted increasing attention for potential
optoelectronic applications due to their low toxicity, direct bandgap nature,
and high structural stability. However, the low photoluminescence quantum
yield (PLQY, <1%) or even no observed emissions at room temperature have
severely blocked the further development of this type of lead-free halide
perovskites. Herein, two new layered perovskites, Cs,Coln,Cl,, (CCol) and
Cs,Znln,Cl,, (CZnl), are successfully synthesized at the nanoscale based on
previously reported Cs,Culn,Cl;, (CCul) NCs, by tuning the M(ll) site with
different transition metal ions for lattice tailoring. Benefiting from the
formation of more self-trapped excitons (STEs) in the distorted lattices, CCol
and CZnl NCs exhibit significantly strengthened STE emissions toward white
light compared to the case of almost non-emissive CCul NCs, by achieving
PLQYs of 4.3% and 11.4% respectively. The theoretical and experimental
results hint that CCol and CZnl NCs possess much lower lattice deformation
energies than that of reference CCul NCs, which are favorable for the
recombination of as-formed STEs in a radiative way. This work proposes an
effective strategy of lattice engineering to boost the photoluminescent
properties of lead-free layered double perovskites for their future warm white

light-emitting applications.

1. Introduction

Lead-free  halide double perovskite
materials'# have become one promising
alternative to the conventional lead-based
halide perovskites when concerning the
high toxicity of the latter case for their prac-
tical use.’®! Halide double perovskites,
with a typical structure A,M(I)M(III)X,
(e.g., A = Cs*; M(I) = Ag*; M(III) = Bi,
In*, Sb*; X = Cl-, B7), feature low or non-
toxicity, high phase stability, and diverse
compositional space, which makes them
potentially suitable for optoelectronic and
photocatalytic applications.>'2] However,
the indirect bandgap nature significantly
reduces the optoelectronic functionality
of halide double perovskites, leading to
a large gap in device performance com-
pared to their lead counterparts. Moreover,
the photoluminescence quantum yields
(PLQYs) of lead-free halide perovskites are
generally low, particularly in the form of
nanocrystals,[>1* due to the high density
of intrinsic defects and the insulating
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effect from long alkyl chain-based capping ligands, which indeed
highlights the big challenge in their defect engineering and
surface engineering. Very recently, so-called vacancy-ordered
layered double perovskites with formula Cs,M(II)M(III),X,,
(M(II) = Cu?*, Zn?*) have been discovered and synthesized both
in the form of single crystals!'>!®l and colloidal nanocrystals
(NCs),l16191 demonstrating several intriguing characteristics
such as direct bandgap nature, narrow bandgap (down to
~1.0 eV), low effective masses and superior structural stability.
The crystal structure of layered double perovskites consists
of one layer of [M(II)X(]*~ octahedra sandwiched by two lay-
ers of [M(III)X,]*~ octahedra, which forms an anisotropic
conformation.I’! To date, colloidal Cs,M(II1)Sb,Cl;, NCs have
been primarily synthesized by tuning the M(II) site with divalent
metal ions such as Cu?* 18] and Zn?* 1'% exhibiting ultrafast
photoelectrical response and size-tunable photocatalytic activity,
respectively. Nevertheless, the relatively high toxicity of Sb
element as well as the lack of observed PL at room temperature
(RT) from this kind of Cs,M(II)Sb,Cl;, NCs restrict their further
application. Our recent work!!®l has proposed a new system of
layered double perovskites by replacing toxic Sb with non-toxic
In at M(III) site, resulting in Cs,Culn,Cl,, NCs, which shows an
almost 2% PLQY at RT in the near UV range upon the moisture-
assistance during the synthetic process. We attributed the PL
enhancement to the radiative transition of so-called self-trapped
excitons (STEs) preferably in the lattices of [CuClg]*~ octahedra,
which were fairly distorted upon the involvement of minor water
molecules, i.e., Jahn-Teller distortion.[2%-2]

STEs have been widely observed in metal halide crystals, or-
ganic molecular crystals as well as condensed rare gases, 227!
which generally possess soft lattice and strong electron-phonon
coupling, leading to an STE emission with a broad spectrum and
large Stokes shift. In the context of metal halides, double per-
ovskites have recently emerged as promising STE emitters, due
to their 0D electronic dimensionality accompanied by the forma-
tion of strong electron-phonon coupling, which is in turn a draw-
back for solar cells application. Tang et al., significantly broke the
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parity-forbidden transition (i.e., dark transition) of double per-
ovskite Cs,AgInCl bulk crystals by alloying Na* and doping Bi**
cations, resulting in a dramatic increase in the PLQY up to 86%
mainly from the STE emission.[?] A similar observation of STE
emission has been reported for double perovskite Cs,AgInCl; in
the form of NCs, exhibiting stable white STE emissions.[#2%] On
the other hand, the investigation of self-trapping mechanisms in
emerging vacancy-ordered layered double perovskite nanocrys-
tals, i.e., Cs,M(II)M(III),X,,, is still at the infancy stage, which
urgently requires in-depth understanding for their full potential.

In this work, we conduct lattice engineering on the established
layered double perovskite system of Cs,Culn,Cl,, (abbreviated
as CCul hereafter) NCs, by replacing Cu?* with other transition
metal ions on the [M(II)Cl;]* octahedra, including Co?* and Zn**
cations, to synthesize first-ever colloidal Cs,Coln,Cl;, (CCol) and
Cs,Znln,Cl;, (CZnl) NCs (see the schematic in Figure 1a). Our
density functional theory (DFT) calculations demonstrate that
STEs are more easily formed in the lattice of CZnl crystal struc-
ture while the reference CCul tends to limit the formation of
STEs, due to the difference in their lattice deformation energies.
This theoretical prediction aligns well with the observed longest
time-resolved PL (TRPL) lifetime for CZnI NCs and the shortest
one for CCul NCs. Benefiting from the formation of more STEs
that relax in a radiative way, a broad PL spectrum with a long tail
toward 800 nm was recorded with a highest PLQY of 11.4% for
CZnl NCs, which is almost two orders of magnitude higher than
that (0.12%) of CCul NCs. Our transient absorption results also
confirm the dramatically extended excited state lifetime of 2.2 ns
in the case of CZnI NCs when compared to the highly short one
(~44 ps) of CCul NCs.

2. Results and Discussion

2.1. Colloidal Synthesis of Cs,M(ll)In,Cl;, NCs

Size-controllable colloidal Cs,M(II)In,Cl,, NCs were synthesized
via a modified hot injection method, which has been reported
elsewhere.'®19] The synthetic details are described in the Sup-
porting Information. Upon the swift injection of Cl precursor
into the metal precursors (i.e., Cs*, M(I1)?*, In**) mixed with or-
ganic ligands (i.e., oleic acid (OA) and oleylamine (OAm)), the
target NCs were rapidly formed within a few seconds at 180 °C
owing to the fast ionic metathesis reaction process. The XRD
patterns of as-synthesized Cs,M(II)In,Cl;, NCs are compared
in Figure 1b. Compared to the simulated powder XRD pattern
of CCul (see the simulation method in Experimental Section in
the Supporting Information), all three NCs in this work exhibit
a monoclinic phase with a space group of C2/m. Several charac-
teristic peaks allocated at ~24°, 25°, and 34° correspond to (311),
(020), and (222) planes, which represent a typical layered double
perovskite structure with distorted [M(II)Cly] octahedra, as ob-
served for Cs,M(II)Sb,Cl,, NCs.['618] Notably, these characteris-
tic peaks at such as (311) and (020) in the XRD patterns of CCol
and CZnl NCs show a clear upward shift compared to those in
the XRD pattern of reference CCul NCs, hinting that the lattice
distortion degree in as-sandwiched [M(II)Cl;] octahedra may dif-
fer among the three samples. It is noted that some character-
istic peaks at such as (511) plane of CCol and CZnI NCs are
weaker compared to that of reference CCul NCs, likely due to the

© 2024 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWILLOD @A 181D 3ceoldde ayy Aq peusenob ae s9 ol YO ‘8sh Jo sa|n. 10y Ariq1]8UIIUO A1 UO (SUONIPUCD-PUe-SULBI WO A8 |IMAIq 1 U1 |UO//SANL) SUORIPLOD PUe SWLe | 8U1 88S *[7202/60/6T] U0 A%l aulluo A8|I ‘N Ullleg Wwniuwez-zioyweH Ad TSOTOYZ0Z |IWS/Z00T OT/I0P/W00 A8 | 1M AeIq Ul |uo//Sdny WOy papeojumod ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

a

www.small-journal.com

b c /\. T T T
oF s g Cu 2p Cu*
—~ S o= - = 9326
~ |28.885 o885 2. o= 2 “ 255
3: QS \%N:‘J ?, S | 2P
L M =
2 i o
2 | : >< 1 1 1
g ] 960 950 940 930
- Binding energy (eV)
d S [Co 2p
< [co Co**
2 781.1
15 20 25 30 35 40 45 50 g o
26 (degree) = 200,
f g *Co?* sat. 2P
810 800 790 780
= Binding energy (eV)
S/ e Lol T T T T
g :
& s g=2.158 s ;2 2p
% u = Zn?*
c & 1022.3
- 2
= 2Py
~N
g=2.054 é 2037
280 300 320 340 360 1050 1040 1030 1020

Magnetic field (mT)

Binding energy (eV)

Figure 1. a) Schematic of layered double perovskite Cs,M(I1)In,Cly, (M(Il) = Cu?*, Co?*, Zn%*). b) X-ray diffraction (XRD) patterns of Cs,M(I1)In,Cl;,
NCs. The grey dash lines highlight the characteristic peaks, which are compared with the simulated XRD pattern of reference CCul. X-ray photoelectron
core-level spectra (XPS) for Cs,M(I1)In,Cly, NCs films: c) Cu 2p, d) Co 2p, and e) Zn 2p. f) X-band electron paramagnetic resonance (EPR) spectrum of

CCul NCs at room temperature.

relatively lower crystallinity of CCol and CZnI NCs at this diffrac-
tion angle instead by merging with the adjacent peak at (331) in
this case. To determine the stoichiometry of as-synthesized NCs,
we conducted the energy-dispersive X-ray spectroscopy (EDS)
analysis along with the inductively coupled plasma mass spec-
troscopy (ICP-MS) analysis, which together confirmed the de-
sired stoichiometric ratio of 4:1:2:12 for all three types of lay-
ered double perovskite NCs (see Table S1, Supporting Infor-
mation). The EDS layered images of Cs,M(II)In,Cl,, NC films
for different compositional elements (see Figure S1, Support-
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ing Information) demonstrate the highly homogeneous elemen-
tal distribution on the NC film surface. The surface composi-
tion of Cs,M(II)In,Cl,, NCs film samples was analyzed by XPS.
Only one chemical state was resolved for the perovskite species
Cs (Cs 3ds), at 724.5 eV), Cu (Cu 2p;), at 932.6 eV), Co (Co
2p;,, at 781.1 eV), Zn (Zn 2p;;, at 1022.3 eV), In (In 3ds;, at
445.5 eV), Cl (Cl 2p, , at 198.6), corresponding to Cs*, Cu*, Co™,
Zn?*, In3* and C1~.["*22%7] Binding energies of Cs, In, and Cl are
close to identical for the three samples (Figure S2, Supporting
Information) with different M(II) site cations Cu, Co, and Zn
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(Figure 1c—e). Interestingly, out of M(II) site cations, Cu does not
appear at the expected divalent state as evidenced by the lack of
the characteristic Cu?* shake-up satellite peak at 945-950 eV.[%8
The absence of desired Cu?* from the surface is possibly ascribed
to the photoreduction of Cu?** to Cu* that Cl evaporation from
the surface contributes to the reduction mechanism triggered by
X-rays during the measurement.[?*3] Previously, Cai et al. and
Zhang et al. reported similar Cu 2p spectrum for Cu at the M(II)
site of layered double perovskite Cs,CuSb,Cl;, and confirmed
the presence of Cu?* by their EPR measurements.['®#3% To sim-
ilarly confirm the oxidation state of Cu, we have conducted the
EPR measurement with the X-band EPR spectrum of CCul NCs
atroom temperature in Figure 1f. An axial signal with the g values
of g, = 2.158 and g, = 2.054 originating from the Cu** with an
unpaired electron spin of S = 1/2 ([Ar]3d’ configuration) is clearly
observed. The typical Cu hyperfine structure from the I = 3/2 nu-
clear spin is not detected due to the exchange interaction between
adjacent Cu?* centers.l3!l

The transmission electron microscopy (TEM) images shown
in Figure 2a—c exhibit that the reference CCul NCs are formed
in a pure cubic-like shape with an average size of 17.3 + 1.2 nm,
which is consistent with previously reported NCs via a similar
synthetic route.!*! In addition to the as-formed nanocubes, some
amount of rectangle or small rod-like NCs are observed for CCol
and CZnl by showing larger NC formation with average sizes
of 22.1 + 1.4 nm and 24.5 + 0.8 nm, respectively, compared
to the case of CCul nanocubes. This suggests that the seeds of
CCol and CZnl tend to grow in 1D direction after forming the
small nanocubes, likely due to the rearrangement of capping
ligands in terms of diverse ionic radius at nuclei position be-
tween Co?* (0.68 A)/Zn?** (0.70 A) and Cu®* (0.65 A) ions.[*?!
The high-resolution TEM (HRTEM) images (Figure 2d-f) con-
firm the highly crystalline structure in all cases. The lattice d-
spacings were measured and found to decrease in the order of
CCul (0.375 nm), CCol (0.371 nm), and CZnl (0.369 nm), and
were assigned to the (020) crystal plane. Our fast Fourier trans-
form (FFT) analysis shown in Figure 2d—f further verifies the
plane assignment in the HRTEM images, as similarly observed
for other type of layered double perovskite NCs.['] This indicates
that the as-synthesized CM(II)I NCs in this work indeed feature
the layered perovskite structure with diverse lattice distortion de-
grees, which is in good agreement with the previous XRD data.

2.2. Optical and Photophysical Properties of Cs,M(l1)In,Cl,, NCs

The absorption spectra of as-synthesized Cs,M(II)In,Cl;, NC
suspensions shown in Figure 3a demonstrate that all the exciton
peaks of three NC samples fall in the UV range below 325 nm
(see the inset in Figure 3a). Note that the multiple absorption
bands observed at 600-725 nm in the case of CCol NCs were as-
signed to the formation of tetrahedral [CoCl,]*~ ions,3}] which
is one type of metal to ligand charge transfer (MLCT) involving
weak d—d transition. The formation of [CoCl,] tetrahedra could
be considered as a minor side effect during the NC synthesis
since the XRD data and EDS analysis have confirmed the de-
sired crystal structure and stoichiometry of Cs,Coln,Cl;,. Our
Tauc analysis (see Figure S3, Supporting Information) verified
the direct bandgap nature of all three NCs with an increase in
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the bandgap from reference CCul (3.60 eV) to CCol (3.63 eV)
and then to CZnl (3.74 eV) NCs, which are in agreement with
the reported direct transition features for other In-based double
perovskites.[2341 Compared to the weak emission of CCul NCs
centered at ~#380 nm, the much stronger and redshifted emis-
sions of both CCol and CZnI NCs are observed which are cen-
tered at ~#416 and ~430 nm (See Figure 3b), respectively. Notably,
the absolute PLQY (0.12%) of reference CCul NCs has been dra-
matically enhanced to 4.3% for CCol NCs and 11.4% for CZnI
NCs, which represents nearly two orders of magnitude improve-
ment. In addition, the PL spectra of CCol and CZnI NCs demon-
strate asymmetric and broad PL profiles (as evidenced by the wide
full width at half maximum) with long tails toward ~700 nm
and ~800 nm, respectively, which are recognized as warm white-
like emitting lights under the UV light excitation (see the inset
photos in Figure 3b). We attribute this significant emission en-
hancement to the formation of more STE states that relax in a
radiative way in the cases of CCol and CZnI NCs compared to
the case of reference CCul NCs with a limited number of STEs.
It is noteworthy that the Stokes shifts of CCol and CZnI NCs
yield just above 100 nm, which are not as large as the reported
(>150 nm) for other types of double perovskites that possess STE
states, |83 likely due to the relatively low self-trapping energy in
the soft lattices of this kind of layered double perovskites, which
in turn leads to the emission peaks with relatively high energy.
To verify the origin of STE emissions, the PL excitation (PLE)
spectra were recorded in Figure 3b. All three NCs exhibit almost
identically shaped and characteristic PLE spectra, suggesting that
the as-observed emissions stem from the relaxation of the same
excited state, which in turn confirms that the MLCT of tetrahe-
dral [CoCl,] ions has not participated in the excitonic transition
process in the case of CCol NCs. Two PLE peaks at ~300 and
~325 nm, were assigned to the direct transition approaching the
band edge and the STE states such as Jahn—Teller distortion of
the [M(II)Cly] octahedra in the excited state, respectively.'! The
optical properties of three NCs are summarized in Table S2 (Sup-
porting Information). Furthermore, we measured the TRPL de-
cays by exciting the NC suspensions at 405 nm, as shown in
Figure 3c. All PL decays were fitted well with a tri-exponential
function with the fitting results in the inset table in Figure 3c. All
effective lifetimes of PL decays fall in the microsecond timescale,
corresponding to a typical lifetime scale of STE emissions.!3¢37]
Particularly, the slow component (t; = 2.69 ps) of reference PL
decay (CCul) is extended to 3.15 s (CCol) and 5.16 ps (CZnl),
respectively, hinting that the relaxation of STEs more follows the
radiative transition in the cases of CCol and CZnlI NCs.

To gain insights into the [M(II)Cl] octahedral coordination,
we measured the EXAFS spectra (Figure S4, Supporting Infor-
mation) of Cs,M(II)In,Cl;, NC thin films and conducted the
Fourier transform analysis, whose fitting results in R-space (R
is effective radical distance) are shown in Figure 3d. The kink
point in the growing profile (see the inset in Figure 3d) is de-
tected first in the spectrum of CZnl NCs, followed by CCol and
CCul NCs, successively. This suggests that the effective radi-
cal distance of [M(II)Cl;]*~ octahedra arranges in the order of
Cu’* > Co** > Zn**, in good agreement with previous XRD
and HRTEM data that confirm the lattice distortion, i.e., Jahn—
Teller distortion, when replacing the reference Cu?** with Co?*
or Zn** cations at M(II) site. The diverse [M(II)Cly] octahedral
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Figure 2. a—c) TEM images and d—f) HRTEM images of Cs,M(I1)In,Cl;, NCs, M(Il) = Cu (a,d), Co (b,e) and Zn (c,f). Size distribution histogram of each
case is shown in the inset of the corresponding TEM image (a—c). FFT patterns for the HRTEM images are presented under the panels of corresponding

HRTEM image (d-f).

coordination could, in turn, influence the interactions be-
tween capping ligands (e.g., OA and OAm) and the surface of
NCs, which has been identified by measuring the temperature-
dependent IR spectra of Cs,M(II)In,Cl;, NCs as shown in
Figure 3e-g. All observed bands in each case become stronger
and narrower along with the decrease in the temperature rang-
ing from 300 K to 20 K. Specifically, the featured bands cen-
tered at 1572 cm’! were assigned to the N*—H bending bands,#]
which reflect the [NH---Cl] hydrogen-bonding interactions be-
tween the OAm ligands and the NCs. Thus, it is reasonable to ob-
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serve stronger N—H bending bands in the case of reference CCul
NCs since they possess weaker [CuCl,] octahedral coordination
compared to the cases of CCol and CZnl NCs with stronger
lattice distortion. This could also be one cause to drive the NC
growth toward 1D or 2D for CCol and CZnI NCs with weaker
OAm confinement effect,'! as observed in previous TEM images
(Figure 2). On the other hand, the characteristic bands between
1420 and 1510 cm™ that correspond to OA ligands (i.e., COO~
stretching),['%! remain almost identical in all three cases, which
are less influenced by the [M(II)Cl;] octahedral coordination.
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850807 SUOWIWIOD BAEaID 3|gedjdde aup Ag pausenob ae Sajoiie YO ‘8sN JO SaINJ 10} Akeud1T8UI|UO /8|1 UO (SUORIPUOD-PUR-SLUIB)ALI0D" AB 1M Ae.q| 1 BuUO//:SANY) SUOIPUOD Pue SWe | 8Y) 89S *[202/60/6T] U0 AriqITauUlUO AB|IM “Ind Uljieg wniuezZ-z)oyweH Aq TSOTOFZ0Z 1IWS/Z00T 0T/10p/uoo’ A3 1M AReld 1 |Buluo//:sdny woly papeojumod ‘0 ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED. $imidll

www.advancedsciencenews.com www.small-journal.com
b
a 14 Cu 42 —
Co 810t 5
2 12 Zn § ¥ S
= 8
s 1.0 go6 =2
s Eoal 2
2 08 3 &
Qo 02 E
T 06| ) S =
E 250 275 300 325 350 375 d
E 04l Wavelength (nm)
5 0. :
= :
Z 02}t 5 02 :\ 4.3%
z 0.12%
0.0 0.0
Lo o b TN Y N [N T NN T SN T Y O
300 400 500 600 700 800 300 400 500 600 700 800 900
c Wavelength (nm) d Wavelength (nm)
1.2
— 1k —— Cu Cu Co Zn — Cu
3. E —— Co A (%) 818 90.6 75.8 1 O | — CO
S F Zn ti(us) 006 007 008 & — 7N
> r A (%) 96 6.2 124 $ 08| 12
‘@ 0.1 t,(us) 054 076 086 = 1.0
% : ? A; (%) 86 3.2 1.8 g, 06 F 08
.§ E ts (us) > 0.6
_ C = o
o £ 04 02
: 001 | o U0k PP LY
- E Z 02 05 10 15 20 25 30
o -
z C
0.0
0001 TR 1 T O O A T O O T L | 1 | 1 | 1
0 2 4 6 8 101214 16 18 20 0 2 4 6 8
Time (us) R (A)
e f g
CCul CCol CZnl _ a00k
. Fo-S00K vy SOOK T ~T1260K
S~ [T~ T 260K [ fr 5
3 N T 230K WM,\/_\}%%% Mg?gﬁ
© M 210K A2 T
~ N1 1 210K — k- L_fgg_ﬁ
' e T T [ 00k [ T 185K
e} TV 160K T ek “"’“"W”:"'_:gg_ﬁ
eV L L IGO0 K N
2 140K ) 180K e T |14
E— VT 120K T 140 K "~ T 120 K|
= 100K | N0k W1
2 1™~ 60K ”““”“‘V\/‘,k/:"‘m frree—— m’l—‘—‘K’l 20
® A0 K T 2k L 20
| | 1 | 1 1 | 1 | 1 1 | 1 | |

1200 1400 1600 1800 1200 1400 1600 18001200 1400 1600 1800
Wavenumber (cm™)

Figure 3. a) Absorption spectra of Cs,M(ll)In,Cl;, (M(Il) = Cu, Co, Zn) NCs suspensions with a magnified inset figure in a short wavelength range
(250-375 nm). b) Steady-state photoluminescence spectra (excited at 350 nm) and corresponding PLE spectra (in dotted line) of Cs,M(Il)In,Cl;, NCs
suspensions. The percentage number highlights the PLQY of each case while the inset figures show the appearance of CCol and CZnl NCs under the
UV light, respectively. c) TRPL decays of Cs,M(I1)In,Cl;, NCs suspensions, excited at 405 nm. The inset table presents the fitting results of TRPL decays
with a tri-exponential function. d) Extended X-ray absorption fine structure (EXAFS) spectra of Cs,M(ll)In,Cl;, NCs and fits in R-space. The inset shows
the magnified spectra in the early range of R-space. Temperature-dependent infrared (IR) spectra of OA and OAm associated with e) CCul, f) CCol, and
g) CZnl NCs.

To further investigate the influence of diverse [M(II)Cl;] oc-  served for both CCol and CZnI NCs while a relatively weak and
tahedra on the photophysical properties of as-synthesized lay-  narrow PIA band up to 600 nm was detected within 10 ps af-
ered double perovskite NCs, the ultrafast transient absorption  ter excitation in the case of reference CCul NCs. This provides
(TA) measurements were conducted by exciting the NC suspen-  direct evidence that more STE states have been formed in ei-
sions at 300 nm and the TA spectra for three NCs at different  ther [CoCl(] or [ZnCl;] octahedra compared to the [CuCl,] one,
time delays are presented in Figure 4a—c. A strong and broad  which later contributes to the enhancement of STE emissions
photoinduced absorption (PIA) at energies across the range of  via a radiative transition path. In addition, the TA signal size of
475-740 nm (upper limitation of our visible detector) is ob-  CZnl NCsis #1 mAO.D., which is almost twice larger than that
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Figure 4. Ultrafast TA spectra of a) CCul, b) CCol, and c) CZnl NCs suspensions, excited at 300 nm with an excitation power of 50 pW. The spectral range

of 580-620 nm is excluded due to the scattering effect at 600 nm which is doubled excitation wavelength. d) TA decays of CCul (monitored at 460 nm),

CCol, and CZnl NCs (monitored at 650 nm). Solid lines present the fitting results with a bi-exponential function (AO.D. = A, exp(—ri) +A, exp(—Ti))
1 2

(for CCul NCs) and a tri-exponential function (AO.D. = A, exp(—Ti) +A)exp(—=) +As exp(—%)) (for CCol and CZnl NCs), AO.D. is the change of
1

t
1]

optical density.

(0.5 mAO.D.) of CCol NCs. This suggests that the lattice struc-  sibly benefiting from its suitable lattice deformation energy level
ture of CZnl is even more favorable to generate a greater num-  which will be theoretically confirmed in the following section.
ber of STEs under the same excitation condition when com-

pared with the case of CCol NCs. A negative TA band centered

at ~450 nm is also observed in all cases, which is far away from  2.3. Computational Studies of the STEs in Cs,M(l1)In,Cl,, NCs
the excitonic peaks (<350 nm) and thus cannot originate from

the ground state bleaching (GSB). We speculate the origin of this ~ We further conducted the theoretical analysis to understand the
negative absorption band to some possible emission (band-to-  origin of STEs in this type of Cs,M(II)In,Cl;, NCs. Figure 5 dis-
band) residual from early timescale, which interrupts the broad  plays the charge density differential plots from a top-view per-
positive PIA in the whole visible range. The TA decays of three  spective when observed from the g-axis on the bc-plane. The
NCs are compared in Figure 3d. The exciton self-trapping pro-  charge accumulation in the immediate region around the Zn,
cess (i.e., TA signal rising stage) completes within 1 ps after ex-  Co, and Cu atoms follows the order CZnI > CCol > CCul. The
citation, consistent with the reported for other types of double  initial charge depletion region is immediately followed by an ad-
perovskites.[?l The TA profile of reference CCul NCs follows abi-  ditional charge depletion region. This charge depletion region in
exponential decay while the other two decays of CCol and CZnl  turn follows the order of CZnI > CCul > CCol. Consequently, the
NCs can be well-fitted with a tri-exponential function (see the fitt  CZnl has roughly equivalent charge accumulation and charge
ting results in Table S3, Supporting Information). The extra third  depletion regions stacked on top of each other. In the accumu-
or slow component in the cases of CCol and CZnI NCsis ascribed  lation and depletion regions, the exciton (a quasiparticle) gen-
to the radiative recombination of STEs,*?] which is almost negli-  erated from CZnlI, CCul, or CCol, exhibits dipole-like behavior
gible in the reference case (CCul NCs). Consequently, the decay ~ and stays for a substantial duration depending on the volumetric
lifetime (z ,,¢ = 43.7 ps) of CCul NCs has been significantly ex-  charge variance regions. It is worth mentioning that the nega-
tended by almost one order and one and a half orders of magni-  tive pole (i.e., electron) tends to get trapped in the charge deple-
tude for CCol (7 5y =402.7 ps) and CZnlI (7 yc =2198.6 ps) NCs,  tion area. While the positive pole (i.e., hole) attempts to remain
respectively. This indeed indicates that the majority of as-formed  confined within the charge accumulation region. The strength of
STE states in the lattice of CZnI NCs relax in a radiative way, pos-  such coulombic attraction is determined by the volumetric space
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Figure 5. Simulated charge density distribution maps of a) CCul, b) CCol, and c) CZnl NCs from the top view. Cyan color represents the charge depletion
region, i.e., hole’s location, while yellow color indicates the charge accumulation region, i.e., electron’s location. All maps are plotted at an iso-surface
charge density value of 0.006 electrons Bhor~3. d) Hypothesized configuration coordinate diagram for the STE mechanism of Cs,M(I1)In,Cl;, NCs. FC:
free carrier state; FE: free exciton state; Ey: exciton binding energy; Eg: self-trapping energy; E,: bandgap; GS: ground state; Abs: light absorption; Ep :

emission energy; E4: lattice deformation energy.

region in which the charge variation occurs. In this sense, the
STE will have a longer lifespan in the following order: CZnlI >
CCol > CCul. The STE lifetime is notably reduced in the sur-
rounding area of the Cu ion because of its pronounced charge
depletion and limited accumulation in proximity. In other words,
the lifetime of STEs is relatively short when considering a volu-
metric region, which is the same as that of Zn and Co ions. A
thorough understanding of the charge depletion and accumula-
tion regions in the volumetric space is crucial in assessing the
mobility of STEs, given their dipole nature. It is clear in all three
instances of these models that these regions are arranged diago-
nally and are linked to the neighboring octahedron composed of
indium as the central ion and Cl ions at the corners of the octa-
hedron.
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Moreover, the STE generation originating from the [CoCl;] or
[ZnCl;] octahedron is confined exclusively within the more dis-
torted octahedron region and subsequently passes through the
adjacent Cl atoms in the host octahedron, which is also shared
with the neighboring [InCl] octahedron (see the side-view charge
density distribution maps in Figure S5, Supporting Information).
Likewise, the anticipated result in all three cases is that the mo-
bility and transit of STEs generated in the [M(II)Cl;] octahedron
will align with the adjacent [InCl;] octahedron. This claim is cor-
roborated by our previous photophysical studies, i.e., TRPL life-
times and excited state lifetimes from TA measurements. How-
ever, based on the divergence in volumetric charge density, it can
be inferred that the order of STE mobility is potentially CZnl <
CCol < CCul, ranging from low to high. Applying the same logic,
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the accumulation and depletion volumes of CCol occupy a rela-
tively smaller 3D space compared to that of CZnl, but a larger
space in the case of CCul. It is hypothesized that the larger the
charge accumulation/depletion region, the longer time the STEs
maintain in the region while slowing down their mobility, hence,
leading to an extended lifetime. We thus conclude that the STE
mobility and lifetime are inversely proportional to each other.

To gain more insight into the formation of lattice-related STEs,
we conducted the simulation on the optimized cell lattices of
three NC structures, whose lattice parameters are summarized
in Table S4 (Supporting Information). It is clearly noted that the
lattice distance has been shortened or more distorted both in the
a and c directions (See Figure 5) for CCol and CZnlI structures
compared to the reference structure (CCul), which indicates that
the inserted [CoCl;] or [ZnCl;] octahedra can indeed drag more
effectively the two adjacent [InCl;] octahedra layers, leading to
more distorted lattice structures. In addition, the simulated sys-
tem energies in the ground state of CCol (—135.965 eV) and
CZnl (—129.071 eV) are obviously lower than that (—122.394 eV)
of CCul, making good agreement with our previous speculation
about the role of lattice deformation energy (E,) in changing their
excited states at STE level. We thus propose a dynamic diagram to
demonstrate the overall STE mechanism of Cs,M(II)In,Cl;, NCs
in Figure 5d. Upon the generation of free carriers after light har-
vesting, photogenerated electrons, and holes could be swiftly self-
trapped if the electron-phonon interactions are strong enough
to induce elastic distortions in the lattice surrounding those free
carriers.l*’] In the following self-trapping process, the energy loss
in this excited state is defined as self-trapping energy E. In the
meanwhile, the ground state energy will increase due to the lat-
tice deformation, as so-called lattice deformation energy E;. Ac-
cordingly, the PL energy can be expressed by Ep; = E, — E, — E
— Ej, where E, is bandgap and Ej, is exciton binding energy at
room temperature. In our reference case (CCul NCs), most self-
trapped excitons recombine in a non-radiative way, e.g., phonons,
due to the large E; that leads to the crossing of the excited and
ground state curves in the configuration coordinate diagram. In
contrast, the lattice deformation energy is just at a suitable level
(not too big or too small) in both cases of CCol and CZnI NCs,
resulting in the radiative recombination of most of the STEs that
eventually demonstrate much-enhanced PLQYs. It is noteworthy
that the E; of CZnl NCs could be relatively larger than that of
CCol NCs by assuming both possess similar E, at room tempera-
ture, possibly leading to a lower E,; that corresponds to a broader
and redshifted STE emission toward white emitting light in the
case of CZnI NCs.

3. Conclusion

In summary, we first-ever report the colloidal synthesis of lead-
free and wide-band-gap layered double perovskites, Cs,Coln,Cl,,
and Cs,ZnlIn,Cl,,, by tuning the M(II) site with different transi-
tion metal ions. Compared to the reference almost non-emissive
CCul NCs, CCol and CZnI NCs have dramatically improved the
PLQYs to 4.3% and 11.4% in the emission light ranges of up to
~700 and ~800 nm, respectively. Our DFT calculation results re-
veal that the photo-generated excitons can be more easily self-
trapped in the lattices of [CoCl,] and [ZnCl;] octahedra layers
rather than in those of [CuCl;] octahedra, mainly due to the lower
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lattice deformation energies in the former two cases. The as-
formed STEs in CCol and CZnI NCs are found to recombine
more in a radiative way, as evidenced by the extended excited state
lifetimes of up to 2.2 ns for CZnI NCs when compared to the ex-
tremely short lifetime of 43 ps for CCul NCs. Our comprehen-
sive theoretical and experimental studies clearly emphasize the
importance of lattice engineering in boosting the STE emissions
of layered double perovskites at room temperature. The photolu-
minescent properties of these CM(II)I NCs could be enhanced
by further NC size control or impurity cation doping. This work
paves the way for new lead-free halide perovskites for eco-friendly
warm white light-emitting applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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