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Highlights

1. Colloidal synthesis of CsaCdSb2Cli2 layered double perovskite (LDP) nanocrystals (NCs) is
achieved.

2. A series of CsaCdxCuixSb2Cli2 (0 < x < 1) LDP NCs are fabricated to demonstrate the
composition-structure-property relationships.

3. Cs4CdSb2Cli2 and Cs4CuSb2Cli2 LDP NCs show different charge carrier dynamics.

4. Colloidal Cs4CdSb2Cli2 LDP NCs are solution-processed into high-speed photodetectors.



Progress and Potential

Metal halide perovskite nanocrystals (NCs) have attracted tremendous attention due to their unique
crystal structure and promising optoelectronic properties. Particularly, layered double perovskite
(LDP) NCs with enriched compositional space and highly tunable properties are important for both
fundamental studies and technological applications. Herein, we report the colloidal synthesis of a

series of CsaCdi1-xCuxSb2Cli2 (0 < x < 1) LDP NCs with controlled metal compositions. Insights

on the composition-structure-property relationships of the LDP NCs are explored through both
material characterizations and theoretical calculations. Photo-generated charge carrier dynamics
of the LDP NCs are investigated using ultrafast spectroscopic techniques. We show that such
colloidal LDP NCs can be solution-processed into a high-speed photodetector, demonstrating their

potential in applications such as optical, photonic, and optoelectronic devices.

SUMMARY

The toxicity and instability of lead-based metal halide perovskites are the two main obstacles that
prevent perovskite materials from implementation in applications. Recently, layered double
perovskites (LDPs) emerge as a new family of perovskite materials which provide a new route to
solve these problems by lead-component replacement and reduction of crystal structure
dimensionality. However, LDP nanocrystals (NCs) have been rarely studied, limiting the further
property exploration and application realization. Here, we report the colloidal synthesis of a series
of Cs4CdixCuxSb2Cli2 (0 < x < 1) LDP NCs by tuning the stoichiometry of metal precursors.
The composition-structure-property relationships of the resulting LDP NCs are studied through
materials characterizations, density functional theory calculations, and transient-absorption
spectroscopy. In addition, we demonstrate that high-performance high-speed photodetectors can
be fabricated using the colloidal LDP NCs through solution-processing. This work premises further

expansion of such LDP-based materials for both fundamental studies and application integrations.
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INTRODUCTION

Three-dimensional (3D) metal halide perovskite (MHP) nanocrystals (NCs) with a general formula
of AM(I)X3 (A: Cs, Methylammonium, Formamidinium, etc.; M: Pb, Sn, Ge, etc.; X: Cl, Br, I)
have aroused tremendous research interest owing to their marvelous tunability in structural, optical

and (opto)electronic properties in response to targeted applications such as solar cells,'? light
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emitting diodes,>> X-ray scintillators,’ lasing,’ Iluminescent solar concentrators,
photocatalysis,'"'? etc..!>'> However, limited choices for M(II) in the general formula of AM(I1)X3
MHPs and the intrinsic instability issue of the materials hinder their potentials in a wide range of
practical implementations. To alleviate these problems, multiple strategies towards compositional
expansion of MHPs have proven to be effective and beneficial from material design,
structure/property tuning, long-term stability, and application-integration points of view.'*!® For
instance, the divalent M(II) component can be substituted by other heterovalent metal elements,
resulting in a library of 3D lead-free perovskite derivatives including, e.g., 3D Cs2M(I)M(I1)Xe
double perovskites (DPs) and vacancy-ordered Cs:M(IV)Xs perovskites.!”?® The same lead
replacement strategy can also address the instability issue of lead-based MHPs by the reduction of
structural dimensionality to, e.g., 2D CssM(I11)2Xo layered perovskites (LPs) and 0D CssM(I11)Xe
perovskites, without sacrificing the tunability of materials’ composition and properties.”’** By
combining the lead element replacement and crystal dimensionality reduction strategies, all-
inorganic CsaM(II)M(II)2X12 layered double perovskites (LDPs), also known as vacancy-ordered
quadruple perovskites, have emerged as a promising family of lead-free perovskite materials with
superior compositional flexibility.!34 As derived from the above-mentioned 3D DP and 2D LP
structures, the CsaM(I)M(III)2X12 LDPs can be achieved either by using one M(II) and one
vacancy to replace two M(I) metal cations of Cs2M(I)M(II)X¢ DP (Scheme 1), or by inserting one
additional layer of M(II)Xs octahedra in between the two adjacent layers of M(I1I)Xs octahedra in
2D CssM(11)2Xo9 LP (Scheme 1). This unique crystal structure with diverse composition selections
endows LDPs with characteristic properties including adjustable band structures and band gap
energies, tunable optical and electronic properties, controllable magnetic orderings, enhanced

material and crystal structural stabilities, etc..>>*



Scheme 1. Schematic of the evolution of metal halide perovskites from the conventional 3D perovskite
to layered double perovskite crystal structure.
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Ever since the discovery, LDPs have garnered extensive research attention owing to their great
promise in technological applications and provoked experimental efforts toward fabrications of
various LDPs with diverse metal permutations.*'**® In 2017, Vargas and colleagues reported the
first example of Cs4CuSb2Cli2 LDP powder samples which showed a direct band gap of 1.0 eV
with high conductivity and photo/thermal stability.! Subsequently, a family of CssM(II)M(III)2X12
LDPs expanded with various combinations of M(II) and M(III) metal cations (M(II): Cu, Mn, Cd,
Sn; M(III): Bi, Sb) together with their solid solutions with mixed M(II) or M(III) cations, such as
Cs4CdxMnixBi2Cli2, Cs4CuxMni-xSb2Cli2, Cs4Cdo.sMno.2(SbxBiix)2Cli2, etc..344% 4% 4° Within the
family, CssCdSb2Cliz LDPs arguably represent a promising intrinsic p-type transparent
conductor.’*32 The associated high hole-conductivity and optical transparency of Cs4CdSb2Cli2
LDPs stem from a small hole effective mass and a sufficiently large band gap (~ 3 eV) predicted
by first-principles density functional theory (DFT) calculations.®' Synthesis of bulk Cs4CdSb2Cl2
LDPs has recently been demonstrated,**>! showing their potential to serve as a “warm” white light
emitter. Comparing to bulk materials, colloidal perovskite NCs with controlled size and
morphology offer solution processibility and can provide emerging photophysical properties that
are inaccessible to bulk materials. However, despite the synthetic advances in LDPs at bulk scales,
synthesis of LDPs in the form of colloidal NCs has been largely limited.?: 3% 464 Recently, our
group reported the first example of colloidal synthesis of Cs4CuSb2Cli2 LDP NCs,* and later
extended to a series of Bi-based Cs4CdxMnixBi2Cli2 (0 < x < 1) LDP NCs.*’ However, colloidal
synthesis of CsaCdxCui-xSb2Cli2 (0 < x < 1) LDP NCs has not yet been reported, limiting further



property exploration and application realization of CsaCdxCui-xSb2Cli2 (0 < x < 1) LDP-based

materials when downscaling to a quantum confined nanometer region.

Herein, we report a colloidal synthesis of CsaCdSb2Cli2 LDP NCs through a hot-injection approach.
Detailed optical and structural characterizations showed that the resulting NCs possess a trigonal
LDP crystal phase with a direct band gap energy of 3.19 eV. We further synthesized a series of
Cs4Cd1xCuxSb2Cli2 (0 <x < 1) LDP NCs to provide insights on the composition-structure-property
relations of the two types of LDP NCs. We found that the crystal structure of Cs4Cdi-xCuxSb2Cli2
LDP NCs transformed from a trigonal to monoclinic structure when increasing the Cu
concentration. Meanwhile, DFT calculations revealed that the magnetism of the Cs4Cdi-
xCuxSb2Cl12 (0 < x < 1) LDP NCs evolved from diamagnetic, through ferromagnetic, and finally
to antiferromagnetic ordering. A band gap energy reduction to below 2 eV was observed for all the
Cu-containing samples, which was due to the introduction of the inter-band electronic state largely
contributed from Cu 3d orbital. Calculations for charge distribution and bond characteristics
further supported our experimental results on both structural and electronic transformation.
Moreover, the transient absorption (TA) measurements on Cs4CdSb2Cl12 and Cs4Cdo.sCuo.5Sb2Cli2
LDP NCs showed that both types of NCs exhibited ultrafast hot-carrier relaxation dynamics. The
introduction of Cu to the NC lattices induces an additional photodynamic channel associated with
a mid-gap energy level, which is consistent with our steady-state absorption spectra and band
structure calculations. Finally, we demonstrated that the colloidal Cs4CdSb2Cli2 LDP NCs can be

solution-processed into high-speed photodetectors with superior performances.

RESULTS AND DISCUSSION

Synthesis and Characterizations of Cs4CdSb,Cli; LDP NCs

Colloidal Cs4CdSb2Cli2 LDP NCs were synthesized using a modified hot-injection method with
fully decoupled metal cation and halide anion precursors.?* %3->* Briefly, cesium acetate, cadmium
acetate and antimony acetate with molar ratio of 2.84:1.00:2.00 were mixed with oleic
acid/oleylamine (volume ratio of 1:4) and 1-octadecene. The resulting solution was heated to
120 °C under vacuum to remove water and oxygen, then heated to 180 °C in N2 atmosphere. When
the temperature reached 180 °C, chlorotrimethylsilane was quickly injected to the solution to

initiate NC nucleation and growth. After 15 seconds, the reaction solution was cooled down to
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Figure 1. (A) Absorption spectrum of Cs4CdSb,Clix LDP NCs in hexane. Inset: Tauc plot used to
determine the bandgap. (B) XRD pattern (grey line) of the Cs4CdSb,Cli» LDP NCs, fitted curve (red
line), and constituent peaks (blue line). Black bars indicate the standard peak positions of bulk
Cs4CdSb,Cli> LDP.* (C) Unit cell of the Cs4CdSboCly» LDP crystal structure. (D, E) HR-XPS spectra
of the Cs4CdSb.Cli» LDP NCs confirming the existence of Cd*" and Sb** ions. The spectra were
calibrated using the C 1s peak. (F) Low magnification TEM image. Inset: Particle diameter (D)
distribution histogram of the LDP NCs. (G, H) HR-TEM images of Cs4CdSb,Cli2 LDP NCs (left
panels), the corresponding FFT patterns (middle panels), and computer-simulated ED patterns (right
panels) along the [hkO] ([-10 1 0] was used for simulation) and [110] directions of the LDP crystal
structure. (I) The panels from left to right are the representative HAADF-STEM image of Cs4CdSb,Cl»
LDP NCs along the [010] zone axis, the corresponding Pseudocolor image, computer-simulated 3D
atomic model (green, Cs; purple, Cd; blue, Sb; grey, Cl), the associated FFT pattern and the simulated
ED pattern.

room temperature, and the obtained LDP NCs were purified and dispersed in hexane. Figure 1A
shows the absorption profile of the obtained Cs4CdSb2Cli2 LDP NCs with an absorption onset
around 389 nm. The corresponding bandgap was determined to be 3.19 eV by a Tauc plot analysis
based on a direct allowed transition (Figure 1A, inset).>® The bandgap of LDP NCs is slightly larger
than that obtained from DFT calculations and experimental observations for bulk materials, which

can be ascribed to the weak quantum confinement.3!-3%41:43:46 No photoluminescence was detected



for the CsaCdSb2Cli2 LDP NCs at room temperature, likely due to the existence of surface trap
states as well as strong exciton-phonon coupling induced fast carrier trapping processes.?* 3% %
Powder X-ray diffraction (XRD) pattern of the Cs4CdSb2Cli2 LDP NCs (Figure 1B) confirms a
trigonal phase with the vacancy-ordered LDP crystal structure (space group: R 3m, Figure 1C,
Table S1). The positions of all the Bragg diffraction peaks matched well with the simulated
standard peak positions of the bulk Cs4CdSb2Cli2 LDP.*? The broadening effects for diffraction
peaks were consistent with the finite crystalline sizes (Figure 1B).3!:37 The lattice parameters were
determined to be a=7.602 A, ¢ =36.90 A (Figure 1B and Table S1). High-resolution (HR) X-ray
photoelectron spectroscopy (XPS) measurements prove the composition and valence states of Cd**
and Sb®" ion centers in the Cs4CdSb2Cli2 LDP NCs (Figure 1D, E and S1). Scanning electron
microscopy energy-dispersive X-ray spectroscopy (SEM-EDS) analysis specified the atomic ratio
of Cs: Cd: Sb: Cl as 3.61: 1.00: 1.78: 11.59 (Figure S2), which was close to the stoichiometry of
Cs4CdSb2Cli2 NCs. Transmission electron microscopy (TEM) image manifested that the
Cs4CdSb2Cli2 LDP NCs possessed a spherical-like shape with an average diameter of 10.4 + 1.5
nm (Figure 1F). HR-TEM images exhibited clear lattice fringes (left panels in Figure 1G, H),
indicating high crystallinity of the Cs4CdSb2Cli2 LDP NCs. For example, the observed d-spacings
of4.0 A and 3.9 A in Figure 1H, can be assigned to the (009) and (110) crystal planes, respectively,
projected from the viewing direction of [110]. The corresponding fast-Fourier transformation (FFT)
patterns together with the computer simulated electron diffraction (ED) patterns confirmed the
lattice plane and projection assignments (Figure 1G and H). High-angle annular dark-field
scanning TEM (HAADF-STEM) measurements were also performed to provide insights of the
LDP crystal structure of the Cs4CdSb2Cli2 NCs with atomic precision (Figure 11). Figure 11 shows
clear periodic lattices with a lamellar-type atomic arrangement. The measured lattice d-spacings
of 12.1 A and 6.2 A were respectively assigned to the (003) and (101) crystal planes along the
[010] zone axis of the trigonal LDP crystal structure. The cross-fringes in this projection exhibit
an angle of 97.2°, which is in good agreement with the theoretical value of 100.1°. In addition,
negligible changes were observed for the absorption spectra and XRD patterns of the Cs4CdSb2Cli2
LDP NCs after storing for at least eight weeks, indicating their good stability under ambient
conditions (Figure S3). Taken together, these results unambiguously confirmed the successful

synthesis of stable colloidal Cs4CdSb2Cli2 LDP NCs.



Transformation of Cs4Cd;xCuxSb2Cli2 (0 < x < 1) LDP NCs

Composition tuning has been explored in perovskite NCs due to their rich polymorphs and
associated influences on the induced crystal and electronic structure transformation. In particular,
the combination of Cd-Cu composition with inter-LDP-NC transformation has not yet been
reported. To build composition-structure-property relationship of the LDP NCs, a series of
Cs4CdxCuixSb2Cli2 (0 < x < 1) NCs were synthesized by changing the molar ratio of Cd*" and
Cu** precursors (Figure 2A, also see experimental procedures for details). HR-XPS spectra
confirmed the co-existence of Cd*" and Cu®* in the Cs4CdxCuixSb2Cli2 LDP NCs (0 < x < 1),
where the 3d signals (3ds.2 and 3d32) of Cd?" and 2p signals (2p3/2 and 2p12) of Cu?* could both be
observed (Figure S4). In contrast, no Cu?" (Cd*") signals in the XPS spectra were detected for
Cs4CdSb2Cli2 (CsaCuSb2Cliz) LDP NCs (Figure S4). Consistently, the inductively coupled
plasma-atomic emission spectroscopy (ICP—AES) measurements revealed the stoichiometric ratio
of ([Cu]+[Cd])/[Sb] was ~ 0.5, with the [Cu]/([Cu]+[Cd]) ratio matching well with the precursor
feeding ratio (Table S2). TEM images show similar particle size, shape, and size distribution for
the Cs4CdxCu1xSb2Cli2 (0 < x < 1) NCs (Figure 1F and S5), indicating a minimal morphological
influence made by replacing Cd** with Cu?** of these LDP NCs. The XRD patterns showed that the
trigonal LDP crystal structure was preserved for the CssCdxCui1xSb2Cli2 LDP NCs with x ranging
from 0.00 to 0.40 (Figure 2B). Meanwhile, all the diffraction peaks shifted to higher angles
monotonically, revealing a lattice contraction with the increased Cu?* concentration (Figure 1B,
S6-S9 and Table S1, S3-S6), in agreement with the replacement of Cd** cations (ionic radius: 109
pm) by smaller Cu** (ionic radius: 73 pm) cations. With the increased Cu" content (x = 0.5), the
crystal phase transitioned from the original trigonal to the final monoclinic LDP structure of the
Cs4CuSb2Cli2 LDP NCs (Figure 2A, S10-S13 and Table S7-S10).3!33 This crystal phase transition
process was evidenced by the broadening of the (028) diffraction peak (~ 33.6°) of the trigonal
phase and eventual splitting into two distinct (404) and (222) peaks of the monoclinic phase
(Figure 2B, Figure S10-S13 and Table S7-S10). UV-vis absorption spectral evolution was also
monitored for the Cs4CdxCui1-xSb2Cli2 LDP NCs (0 < x < 1) (Figure 2C). The results showed that
after Cu®" incorporation, a broad absorption peak emerged at around 515 nm, which is consistent
with the introduction of inter-bandgap electronic state by the Cu component (also supported by the
DFT calculation discussed below).?!: 33 With the increased Cu®* concentration, this newly emerged

absorption band increased in intensity. Tauc plot analyses quantified that the bandgap energy
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Figure 2. (A) Scheme of the atomic models for the structural transformation from Cs4CdSb,Cl;, LDP
in the trigonal phase (top) to Cs4CuSb,Cl;> LDP in the monoclinic phase (bottom). (B) XRD patterns
of Cs4Cd;xCuxSb,Cli» LDP NCs (from top to bottom: x = 0.00, 0.10, 0.25, 0.30, 0.40, 0.50, 0.75, 0.85,
1.00). (C) Absorption spectral evolution of the CssCd;xCuxSboClix LDP NCs (left panel) and four
selected Tauc plots to determine the bandgap energy (right panels). (D) EPR spectra of CssCdi-
xCuxSb,Cli» LDP NCs (from top to bottom: x = 0.00, 0.25, 0.50, 0.75, 1.00).

exhibited a gradual redshift from 1.97 eV to 1.92 eV when increasing x from 0.10 to 1.00 (Figure
2C and S14). Along with the emergence of the new absorption feature, an electron paramagnetic
resonance (EPR) peak centered at 3314 G (g factor: 2.076) appeared upon introducing Cu
component (Figure 2D), in accordance with the presence of unpaired electron of Cu®** ions
(electron configuration: [Ar]3d°). The increased asymmetricity of the EPR peak was due to the
increased Jahn-Teller distortion of [CuCls]* octahedra in the LDP crystal structure, which was

confirmed by the DFT calculation discussed in the next session.*!- 386!

DFT calculations

To shed more light on the evolutions of crystal structure, magnetic ordering and the corresponding
electronic band structure induced by the composition tuning, we performed DFT calculations on
Cs4Cd1xCuxSb2Cli2 (0 < x < 1) LDPs using generalized gradient approximation formulated by
Perdew-Burke-Ernzerhof within VASP software (Figure 3, see computational methods for the
calculation details).?!> - 6264 The stable crystal structures were determined by calculating the total
energy of Cs4CdixCuxSb2Cli2 (0 <x < 1) LDPs with consideration of preferred magnetic orderings
(Figure S15-S17). Figure 3E and S17 show that CssCdi1xCuxSb2Cli2 LDPs in the trigonal phase
exhibit a diamagnetic ordering when x = 0.00, while exhibit a ferromagnetic (FM) ordering when

x =0.25 and 0.33. When x increased to 0.50 and higher (i.e., x = 0.50, 0.75 and 1), the monoclinic
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Figure 3. (A-D) Calculated band structures (left panels) and the corresponding projected density of
states (DOS) diagrams (right panels) of the Cs4Cd;xCuxSb,Cl;> LDPs with x =0 (A), x=0.25 (B), x =
0.50 (C), x = 1.00 (D). Horizonal grey dashed lines represent the Fermi energy level. (E) Total energy
of Cs4Cd;-xCuxSbyCliz (0 < x < 1) LDPs per unit cell in the trigonal and monoclinic phases. (F) The
corresponding calculated bandgap energies (Ep;) of CssCdixCuxSb,Cliz (0 < x < 1) LDPs with
different Cu content.

phase with an antiferromagnetic (AFM) ordering becomes the thermodynamically preferred
crystal structure for the CsaCdi-xCuxSb2Cli2 LDPs (Figure 3E and S17). These calculation results

are in accordance with the experimental observation (Figure 2B).

Upon determining the stable crystal phases, the electronic structures of Cs4CdixCuxSb2Cli2 (x =
0.00, 0.25, 0.50, 0.75, 1.00) LDPs were further investigated, and the results are shown in Figure
3A-D and S18. In the case of CsaCdSb2Cli2 in trigonal phase, a direct bandgap of 3.18 eV with
both conduction band minimum (CBM) and valence band maximum (VBM) located at the Y2
symmetry point was calculated (Figure 3A, left panel). The corresponding projected density of
states (DOS) calculations show that the CBM is mostly contributed by Sb 5p, CI 3p and Cd 5s
orbitals, while the VBM is mainly composed of CI 3p and Sb 5s orbitals (Figure 3A, right panel).
For the intermediate Cs4Cdi-xCuxSb2Cli2 (x = 0.25, 0.50, 0.75) LDPs, the calculation results are
shown in Figure 3B, 3C and S18. While the Cs4Cdo.75Cuo0.25Sb2Cli2 is stable in trigonal phase, its
band structure is closer to the Cs4CuSb2Cli2 with a decreased bandgap energy of 1.99 eV (Figure

10



3B and F). The sharp decrease of bandgap energy can be attributed to the introduction of new
CBM contributed by Cu 3d and Cl 3p orbitals with a small portion of Sb 5s orbitals (Figure 3B).
The DOS shows unequal spin up and spin down states around the Fermi level, resulting in the FM
characteristic. When Cu content is further increased to x = 0.50 and 0.75, their band structures
preserve a direct bandgap feature with the bandgap energy narrowing to 1.88 eV and 1.86 eV,
respectively, matching well with the Tauc plot analysis for the corresponding absorption spectra
(Figure 2C and S14). The contribution of Cu 3d orbital to the CBM is larger with the increased Cu
content, while the VBM is still mainly composed of Cu 3d, Cl 3p and Sb 5s orbitals. In the case of
Cs4CuSb2Cli2 LDP, theoretical calculations revealed an intra-layer AFM ordering with a direct
bandgap of 1.81 eV with both VBM and CBM located at the same symmetry point in between G
and V2 (Figure 3D).* While both CBM and VBM are dominated by Cu 3d and CI 3p orbitals with
a little contribution from Sb 5s orbital. The summary of calculated bandgap energies (Esc) is
shown in Figure 3F. A sudden decrease in bandgap energy after incorporating Cu into LDPs
indicates the effects of Cu contribution on the band structures, matching well with the experimental

results for the evolution of absorption spectra (Figure 2C and S14).

To gain further insights of the charge distribution and bond features of CssCdi-xCuxSb2Cli2 LDPs

during the transformation, the charge density difference and electron localization function (ELF)
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Figure 4. (A-E) Charge density difference and (F-J) electron localization function (ELF) of Cs4Cd;.
«CuxSbyCli» LDPs with x=0.00 (A, F), x=0.25 (B, G), x=0.50 (C, H), x=0.75 (D, I), x=1.00 (E, J). In
A-E, yellow and blue surfaces mean the charge gain and charge loss, respectively. In F-J, the colors in
ELF 2D mapping indicate the strength of electron density. (K-O) 1D intensity profiles along two white
dashed lines in the corresponding ELF 2D mapping in F-J, demonstrating the evolution of electron
density changes between Cd*"/Cu*" and CI ions for clear visualization of gradual distortions of [CdCls]*
and [CuCls]* octahedral units in the Cs4Cd;.«CuxSb,Cl;2 LDPs.
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were calculated and shown in Figure 4 (see details in Experimental Procedures). In the case of
Cs4CdSb2Cli2 LDPs (i.e., x = 0), no apparent charge redistribution was found due to equal electron
donation from Cd** to CI" ions in perfect [CdCls]* octahedra (Figure 4A). The associated 2D ELF
mapping illustrates an ionic bond nature of Cd-CI bonds supported by the minimal electron density
between Cd** cations and CI" anions (Figure 4F). The corresponding 1D intensity profiles along
the white dashed lines further prove the identical Cd-Cl bond length of a perfect [CdCls]*
octahedron (Figure 4K). With the increased Cu?* concentration (x = 0.25, 0.50 and 0.75), a gradual
elongation along the z direction in the [CuCls]* octahedra was observed (the Cu-Cl bond length
changed from 2.84 A to 2.98 A along the z-direction), indicating the enhanced Cu-induced Jahn-
Teller effect (with singly occupied degenerated e; molecular orbitals) (Figure 4B-D, S19 and Table
S11).3-% The 2D ELF mapping consistently shows a decreased electron density thus weaker Cu-
Cl bonds along the z direction in comparison with those in the x-y plane (Figure 4G-I). Meanwhile,
the neighboring [CdCls]* and [SbCls]*" octahedra consequently became distorted after Cu?*
introduction (Table S12-S13). This increased distortion can be ascribed to the synergic effects of
adjacent twisted [CuCls]* due to their inter-connection nature. The 1D electron density profiles for
different octahedral units (i.e., [CuCls]* and [CdCls]*, Figure 4L-N) unambiguously elucidate
their gradual distortions during the compositional evolution. Finally, when reaching the
Cs4CuSb2Cli2 LDP, the large [CuCls]* octahedral distortion resulted in a net charge loss along the
Cu-Cl bonds in the x-y plane with no obvious changes observed in the z direction (blue surfaces,
Figure 4E). Consistently, the 2D ELF mapping and 1D electron density profiles demonstrated the
elongated Cu-Cl bonds (bond length of 3.01 A) along the z direction and the shortened ones (bond
length of 2.34 A) in the equatorial x and y directions (Figure 4J, 40, and Table S11).

Transient absorption (TA) spectroscopy

To understand the charge carrier dynamics of the LDP NCs, femtosecond TA was employed to
study and compare the differences between CssCdSb2Cli2 and CsaCdo.sCuosSb2Cliz LDP NCs.
Figure 5A shows the pseudocolor TA plot of Cs4aCdSb2Cli2 LDP NCs, which possesses a ground
state bleach (GSB) signal at around 380 nm together with a broad photo-induced absorption (PIA)
band on the red side from 390 nm to 420 nm. This GSB signal paired with the PIA signal at longer
wavelengths has been observed in other perovskite NCs and can be attributed to strong interactions

of excitons at the red side of band edge transition (Figure 5B).?* %% % It can be seen from Figure
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Figure 5. TA spectra of Cs4Cd; xCuxSb,Cl;» (x =0.00, 0.50 and 1.00) LDP NCs, with 330 nm excitation.
Pseudocolor TA plots (A, D, G), TA spectra at the varied delay time (B, E, H), PIA and GSB decay
dynamics (C, F, I) for Cs4CdSb,Cli» (A—C), Cs4Cdo5Cuo.5SboCly2 (D—F) and Css;CuSb,Cl;» (G—I) LDP
NCs.

5C that the buildup of the PIA signal is accompanied by the decay of the GSB feature, indicating
that the dynamics of the PIA band is related to carrier intra-band relaxation.?*: %> % Interestingly,
the Cs4Cdo.sCuo.sSb2Cli2 LDP NCs exhibit strikingly distinct photodynamics compared to the
Cs4CdSb2Cliz LDP NCs (Figure 5D-F). A PIA signal associated with strong exciton-exciton
interactions was detected from 390 nm to 420 nm, which is similar to the case of Cs4CdSb2Cli2
LDP NCs. However, two additional GSB signals are found at the longer wavelength side from 480
nm to 550 nm and from 580 nm to 620 nm (Figure 5D-E). These bleaching signals, which are not
observed in the Cs4CdSb2Cli2 LDP NCs, are likely due to sub-band gap absorption induced by the
Cu substitutions, consistent with the inter-band level introduced by Cu shown in the band
structures of the Cs4Cdo.sCuo.sSb2Cli2 LDP NCs (Figure 3C). It also matches well with the new

absorption peak in the steady-state absorption spectra in Figure 2C after the introduction of Cu
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into the Cs4CdSb2Cli2 LDP. In addition, the GSB signals around 380 nm are missing/much weaker
for Cs4Cdo.sCuo.5Sb2Cli2 LDP NCs compared to those of Cs4CdSb2Cli2 LDP NCs, while the decay
of the PIA signal at 400 nm is associated with the rise of the GSB signal at 540 nm (Figure 5F).
These are also likely caused by bleaching of the PIA signal at 400 nm to the mid-gap level related
to Cu incorporation. Consistently, the Cs4sCuSb2Cliz LDP NCs behaved similarly to the
Cs4Cdo.5sCuo.5Sb2Cli LDP NCs in the TA measurements (Figure 5G-I). Taken together, for the
Cs4CdSb2Cli2 LDP NCs, the photo-induced absorption peak at 400 nm is mainly associated with
the rising of the bleaching band at 380 nm caused by exciton-exciton interactions. However, when
Cu is introduced to the NCs, the 400 nm band is instead associated with the bleaching signal at
540 nm, where the mid-gap level is introduced by Cu incorporation. This result demonstrates that
the carrier relaxation from band edge to the mid-gap level beats their transition into the high-energy

levels at 380 nm.

Ultrafast photodetector

Based on the DFT calculations and TA studies, Cs4CdSb2Cli2 LDP NCs possess surpassing charge
transport characteristics and unique carrier dynamics,”' which can be further characterized by
ultrafast photocurrent spectroscopy. The detailed device fabrication and experimental
configurations can be found in experimental procedures section (Figure 6A and S20). Briefly, the
thin film LDP photoconductive device was constructed by drop-casting concentrated
Cs4CdSb2Cli2 LDP NC solution (20 mg/mL) on a glass substrate and then integrated into a
microstrip transmission line structure. Upon ultrafast laser illumination, photogenerated charge
carriers were collected as a photocurrent in situ by a sampling oscilloscope. As is shown in Figure
6B, the measured ultrafast photocurrent peak intensity is over three orders of magnitude higher
than the dark photocurrent, supporting its superior charge transport characteristics under light
irradiation. In addition, the effects of applied electrical field, laser intensity and temperature on the
photocurrent are investigated (Figure 6C-E). The photocurrent spectra show a quick rise time of
~25 ps and an average lifetime of ~150 ps (Figure 6C-E), highlighting the narrow bandwidth for
the high-speed photodetectors. These results indicate a faster time response for the Cs4CdSb2Cli2
LDP NC-based photodetector compared to the Cs4aCuSb2Cliz LDP NC-based one (with an
extended lifetime of >200 ps). ** The initial linear dependence of peak photocurrent on the electric

field (bias voltage) (Figure 6C, inset) shows the ohmic behavior of the device, similar to the
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photocurrent behaviors at lower electric fields seen for the Cs4CuSb2Cli2 NC-based devices.>® This
is confirmed through the dark and light current-voltage (IV) curves in Figure 6B as well. The
saturation of the current can be attributed to ionic transport in the higher electric fields (voltages),
which may impede the carrier mobility. Figure 6D shows a positive linear relationship of
photocurrent as increasing incident light intensity, indicating more photo carriers being generated.
The temperature dependent photocurrent spectra, as shown in Figure 6E provides insights on the
carrier transport mechanism. Upon ultrafast laser excitation, the photogenerated carriers may
thermalize to the band edge in sub-ps time scale, followed by falling into defect states or tunneling
to nearby NCs. It can be seen that the photocurrent peak increases with the increased temperature,

indicating a trap-assisted transport process. The energy level of the trap states can be identified by

AE
an Arrhenius relation (e *8BT), where ks is the Boltzmann constant and AF is the average activation

energy, as shown in the Figure 6E inset. The obtained shallow trap state of ~ 28 meV further proves

that a trap assisted tunneling process can be responsible for the charge transport mechanism.
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Conclusion

In conclusion, we presented a new colloidal synthesis of Cs4CdSb2Cli2 LDP NCs with a wide
bandgap around 3.19 eV in the trigonal phase. A series of Cs4Cdi-xCuxSb2Cli2 (0 <x < 1) LDP
NCs were further studied in experiments and by DFT calculations, demonstrating the composition-
structure-properties relations. Phase transformation from trigonal phase to monoclinic phase was
found together with the corresponding changes in electronic band structures and magnetic ordering
with the increased Cu concentration in the Cs4Cdi-xCuxSb2Cliz LDP NCs. In addition, deep
insights into the charge carrier dynamics are provided based on the femtosecond TA spectroscopic
studies as well as the theoretical calculations of the charge distribution and bond characteristics.
Furthermore, we have solution-processed Cs4CdSb2Cli2 LDP NCs into a high-speed photodetector
with superior photo-response, demonstrating high potentials of the material for optoelectronic
applications. We anticipate that our study can lay out a roadmap for both fundamental studies and
practical applications of various lead-free perovskite nanomaterials taking advantages of their

unique property characteristics in the future.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for additional details should be directed to and will be fulfilled

by the Lead Contact, Ou Chen (ouchen@brown.edu).

Materials Availability

The materials generated in this study will be made available on request.

Data and Code Availability
All data in the Manuscript and Supplemental Information are available from the Lead Contact on

request.
Materials

Cesium acetate (CsOAc, 99.99%), cadmium acetate dihydrate (Cd(OAc)z2:2H20, 99.999%),
copper (II) acetate (Cu(OAc)2, 99.99%), antimony acetate (Sb(OAc)3, 99.99%), oleic acid (OA,
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technical grade, 90%), oleylamine (OAm, technical grade, 70%), 1-octadecene (ODE, technical
grade, 90%), chlorotrimethylsilane (TMS-CI, >99%) and nitric acid (70%, =99.999%, trace
metals basis) were purchased from Sigma Aldrich. Hexane, and ethyl acetate were purchased from

Fisher Scientific. All chemicals were used as received without further purification.

Synthesis of Cs4CdSb2Cli2 LDP NCs

Colloidal synthesis of Cs4CdSb2Cli2 LDP NCs was based on a hot-injection method modified by
previous reports.®>* CsOAc (68.1 mg, 0.355 mmol), Cd(OAc)2:2H20 (33.3 mg, 0.125 mmol), and
Sb(OAc)3 (74.7 mg, 0.250 mmol) were added into the mixture of OA (0.31 mL), OAm (1.25 mL)
and ODE (5.00 mL) in a 50 mL three-neck flask. The mixture was heated to 120 °C for 1 hour
under vacuum to remove water and oxygen. After all precursors were dissolved, the flask was
heated to 180 °C in N2 atmosphere. Upon reaching 180 °C, the mixture of 0.25 mL TMS-CI mixed
with 0.25 mL ODE was injected into the solution to initiate the NC nucleation and growth. The
solution turned into a turbid white solution immediately. After 15 s, the solution was cooled down
by an ice bath. The NCs were purified from ODE by two steps: (1) add 20 mL of ethyl acetate and
centrifugate at 7,000 rpm (RCF: 5708) for 10 min. The supernatant was discarded, and the resulting
precipitate was dispersed in 10 mL hexane. (2) The solution was centrifuged again at 4,500 rpm

(RCF: 2359) for 5 min and the clear supernatant was collected for further characterization.

Synthesis of Cs4CdixCuxSbh2Cli2 (0 < x < 1) LDP NCs

Similar to the synthesis of Cs4CdSb2Cli2 LDP NCs, a series of Cs4CdixCuxSb2Cli2 (0 <x<1)
LDP NCs were synthesized using a hot-injection method. The NCs with different Cd- and Cu-
concentrations can be obtained by tuning the ratio of precursor amounts while keeping the total
amount of Cd- and Cu-precursors as 0.125 mmol. Other reaction procedures and purification

processes were kept the same as the protocol for the synthesis of CsaCdSb2Cli2 LDP NCs.

Measurements and Characterization

Absorption spectra were measured using an Agilent Technologies Cary 5000 UV-Vis-NIR
Spectrophotometer using NC hexane solution samples. Powder X-ray diffraction (XRD) patterns
were obtained on a Bruker D8 Discovery 2D X-ray Diffractometer equipped with a Vantec 500
2D area detector operating with Cu Ka (1= 1.541 A) radiation. X-ray photoelectron spectroscopy
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(XPS) spectra were performed on a Thermo Scientific K-Alpha instrument operating on Al
Ka=1486.6 eV radiation with a spot size of ~ 200 um. Transmission electron microscopy (TEM)
and high-resolution TEM characterizations were performed on a JEOL 2100F operated at 200 kV.
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images were acquired with Hitachi HD 2700C dedicated STEM with a probe Cs corrector
operating at 200 kV. Scanning electron microscopy (SEM) energy dispersive X-ray spectroscopy
(EDS) measurements were performed on a LEO 1530 - SEM. Inductively coupled plasma-atomic
emission spectroscopy (ICP—AES) measurements were carried out on a Thermo Scientific iCAP
7400 DUO ICP—-AES equipped with a Teledyne ASX-560 240 position autosampler. X-band
electron paramagnetic resonance (EPR) spectra were measured using a Bruker EMX Premium-X

EPR Spectrometer using NC hexane solution samples.

Ultrafast transient absorption (TA) studies

Ultrafast transient absorption (TA) spectra and kinetics were carried out using an amplified Ti:
sapphire laser system (Spectra Physics, Spitfire-Pro) and automated data acquisition system
(Ultrafast Systems, Helios) using NC hexane solution samples. The amplifier produced 120 fs
pulses at 5 kHz. The output from the amplifier was split 90/10 to pump an optical parametric
amplifier (Light Conversion, TOPAS). The TA system enables three-dimensional data collection
(spectra/time/AOD).

The continuum probe beam was generated by first sending the 10% output from the laser amplifier
down a computer controlled optical delay line then focusing into a 3 mm thick crystal of CaF2
which was kept constantly moving to avoid laser damage. The residual 800 nm light was removed
from the probe beam with an interference notch filter leaving a ca. 377-725 nm white-light
continuum. The probe beam was then focused into a stirred 2mm quartz cuvette containing the
solution to be measured. The transmitted probe beam was focused onto the end of a fiber-coupled

spectrograph with a 1D, 2048-pixel CCD array detector.

The excitation beam (330 nm, 0.16 pJ/pulse) was overlapped on the probe beam spot on the sample
at an incident angle of ca. 5 degrees after being optically chopped at 2.5 KHz using a synchronous
chopper so that the spectrograph measured the transmitted probe beam alternatively as Ton and
Torr. The differential extinction AA=-logio(7on/Torr) was calculated for each pair of pulses and

was typically averaged over a one second interval for each delay time. Temporal chirp in the probe
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pulse was measured and corrected for by making a measurement on neat solvent; the resonant
signal was then fitted for each probe wavelength to determine the zero-delay position between

pump and probe.

Ultrafast photocurrent spectroscopy

Initially, pre-patterned co-planar Au contacts with a thickness of 100 nm, 10 pum electrode spacing,
and 2 mm width are thermally evaporated on quartz substrates under a vacuum of 1x10° Torr.
The active device area is 10 um X 2 mm. One side of the contact is connected with a power supply
(a Keithley 2400 Sourcemeter), and another side of the contact is connected with a 70 GHz
sampling oscilloscope with a 50-ohm resistance. The LDP NC device for photocurrent
measurements is then fabricated by drop-casting the LDP NC solution (20 mg/mL) evenly onto
the substrate. All photocurrent and [-V characteristics measurements were carried out in an optical
cryostat assisted vacuumed environment. The charge carriers were photogenerated under the
ultrafast laser with a wavelength of 400 nm, and 100 fs pulse. Temperature dependent

measurements span from 80 K to 300 K.

Computational Methods

Structure optimization and electronic calculations were both performed with Vienna ab initio
Simulation Package (VASP) code,®”®® with the projector augmented wave (PAW) potential
method to describe the electron-ion interactions.®” The Perdew-Burke-Ernzerhof (PBE) functional
was used to describe the exchange and correlation interactions.”’ The band structures and DOS
were calculated with Heyd-Scuseria-Ernzerhof (HSE06)’! hybrid functional. The splitting
parameter () was set to 0.2 and the component of Hartree fock (0=0.25) were used to calculate
electronic structures. The plane-wave cut-off energy was set to 500 eV, and the I'-centered k-point
meshes with k-spacing of 0.01 = A™! were employed for density of states calculation. The lattice
parameters and atomic positions were fully relaxed until the force on each atom was smaller than

0.02 eV/A, and the convergence threshold of energy for the self-consistent was 107 eV.

As previously reported, magnetic ordering is crucial to obtaining a reasonable band structure for
the LDP.%: % Both Cs4CuSb2Cli2 and Cs4CdSb2Cli2 in the trigonal and monoclinic phase systems
were considered under paramagnetic (PM), ferromagnetic (FM), intra-layer antiferromagnetic

(AFM) ordering, where the total energy difference per each atom with FM and AFM was shown

19



in Figure S17. For Cs4Cdi1xCuxSb2Cli2, the AFM ordering resulted in the lower energy when the
Cu concentration is larger than 0.50, which were selected for band structure and DOS calculation.
The stable crystal structures defined as total energy difference (AE),) per each atom under
considering the magnetic ordering:

AEy = Erem) — Erarm
where Ergymy and Epapmy are the total energy CsaCdixCuxSboCliz LDP with FM and AFM

magnetic ordering.

The charge density difference was calculated by the following equation:

Ap(r) = peomp = Pcs — P — Psb ~ Pl
where peomp 18 the charge density of CsaCdixCuxSbaCliz LDP, pgs, pm, psp and pg are the
charge densities of Cs*, M?*(Cd, Cu), Sb*" and CI" ions isolated in Cs4CdixCuxSb2Cli2 LDP,
respectively. The blue and yellow areas represent the charge depletion and charge accumulation,

respectively.

Electronic localization function (ELF) has been proposed based on the second-order Taylor
expansion of the spherically averaged pair density.”? The ELF mapping can be directly applied to
visualize bond characters between the ions.”’* A close-to-one ELF value suggests that the

covalent bonds exist with a very high electron density between the two ions.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online.
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