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Enhanced photoluminescence quantum yield in metal halide perovskites

via trace Ag doping
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ABSTRACT Self-trapped excitons are prevalent in metal
halide perovskites (MHPs) characterized by soft lattices and
strong exciton-phonon coupling, emitting photons with
broadband emission and large Stokes shifts, rendering them
particularly well-suited for applications in light-emitting
diodes. But their photoluminescence quantum yields (PLQY)
are limited by both high exciton binding energy and halogen-
vacancy-associated non-radiative recombination. Here, we
show that PLQY could be enhanced by a factor of 5.6 from 16%
to 89% through doping trace Ag into Cs,NaBiCls double
perovskites, superior to those of previous Cs,NaBiCls-based
emitters. Experimental and theoretical studies reveal that trace
Ag-initiated covalent interactions could reduce the exciton
binding energy by 0.12 eV due to local symmetry breaking,
thus improving the photoexcitation process. Also, this cova-
lent interaction could passivate Cl vacancy defects, suppres-
sing non-radiative recombination. Therefore, Cs,NaBiCly:
0.7% Ag" could accumulate active self-trapped excitons to
obtain high PLQY. Assembly of near-infrared light-emitting
diodes using Cs,NaBiClg: 0.7% Ag" illustrates their valuable
applications in nondestructive spectral analysis and night vi-
sion illumination. This work shows an effective strategy of
improving photoemission of MHPs with high PLQY for ad-
vanced optoelectronic applications.

Keywords: Ag doping, photoluminescence quantum yields, local
symmetry breaking, defect passivation, self-trapped excitons

INTRODUCTION

Self-trapped excitons (STEs) have the property of broadband
emission, which has attracted much attention in the fields of
illumination, night vision, and non-destructive analysis [1-4].
For lead-free metal halide perovskites (LFMHPs), which possess
soft lattice and strong exciton-phonon coupling characteristics,

soft lattice distortions would facilitate STEs generation [5].
Unfortunately, the potential applications of LEMHPs are limited
by their low intrinsic emission (photoluminescence quantum
yield, PLQY<15%) [6]. To obtain single-component broadband
emission materials with enhanced PLQY, the perovskite systems
with ns” ions (Sb>", Sn**, Bi’*) have also attracted great interest
[7]. Doping ns” ions in perovskites can obtain intense broadband
emission due to the strong optical absorption of ns” ions in the
ultraviolet region (52—>sp transition, parity allowed) [8,9].
Nevertheless, given the strong dependence between the stereo-
chemical effects of lone electron pairs within ns® ions and the
metal-ligand coordination environment, a proper host lattice is
essential for this type of perovskite. For example, Sb>* doping
into Cs,ZnCl, perovskite resulted in a high PLQY of 70%
(emission peak at 745 nm) [10]. However, the defects induced by
lattice distortion after ns* ions doping limit the further
enhancement of PLQY. Therefore, the comprehensive material
design strategies are needed to passivate the material defect
states and further increase the STEs density.

As we know, both ionic and covalent bonds are intramolecular
strong bonds in molecular solids, e.g., LFMHPs. The ionic bond
is the electrostatic force that exists between oppositely charged
ions, whereas the covalent bond is the sharing of an electron pair
between two atoms [11]. In sharp contrast, the halogen ions in
LFMHPs can easily form covalent bonds with some metal ions
(e.g., Ag-Cl) in substitution for ionic bonds, favorable for
optimizing coordination environments and suppressing halogen
vacancies. In Cs,(Ag/Na)InCls double perovskites (DPs), the Ag/
Na alloying favors the Jahn-Teller distortion and also leads to
the formation of STEs [12]. However, in the Cs,(Ag/Na)BiCls
system, the optimum PLQY value is only 51% [13]. This is due
to the fact that the Ag/Na alloying strategy is based on local
symmetry breaking, neglecting the positive effect of defect pas-
sivation on STEs.

Herein, we present that the PLQY of Cs,NaBiCls (CNBC) DPs
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with soft lattices could be significantly enhanced by 5.6 times
through trace Ag-induced strong Ag-Cl covalent bonds,
obtaining efficient broadband emission (Fig. 1). The as-formed
CNBC: Ag" with only 0.7% Ag doping shows a high PLQY of
89%, which can be attributed to defect passivation in the soft
lattice and symmetry breaking. The 18-electron Ag' is more
ionically polarized towards CI~ than the 8-electron Na® in
CNBC, so enhanced covalency could be realized after trace Ag
doping. The theoretical calculation combined with X-ray
absorption fine structure characterization (XAFS) confirms the
introduction of Ag-Cl covalent bonds into CNBC, thus leading
to local symmetry breaking and Cl vacancy suppression in
CNBC: Ag". Local symmetry breaking could promote the exci-
ton dissociation process, enabling enhanced optical absorption
of Bi’* in the UV region (s>—sp transition, parity allowed) [13-
16]. Meanwhile, the passivation of Cl vacancies could promote
the radiative recombination of STEs. After introducing trace Ag,
the emission peak of CNBC: 0.7% Ag® was still located at
680 nm, unlike that at 620 nm for Cs,AgBiCly (CABC). This
study provides a covalency-modulation strategy by doping trace
metals in ionic-bonds-enriched LFMHPs to improve PLQY and

trace Ag doping
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EXPERIMENTAL SECTION

Materials preparation

The double perovskite solution was prepared by dissolving CsCl
(Aladdin, 99.999%), NaCl (Adamas, 99.99%), AgCl (Aladdin,
99.5%), and BiCl; (Adamas, 99.0%) with a molar ratio of 2:(1
—x):x:1 in hydrochloric acid (12 M) in air at room temperature.
Then, 20 mL of this solution (0.1 M) was transferred to a 50 mL
Teflon-lined hydrothermal kettle and placed in an oven at
180 °C for 12 h. The kettle was cooled to 60 °C at a controlled
cooling rate of 5 °C per hour. The resulting crystals were filtered
and washed with anhydrous ethanol, followed by drying at 60 °C
for 12h. The x-values are 0.01, 0.02, 0.04 and 0.06 corre-
sponding to Ag molar concentrations of 0.003, 0.007, 0.008 and
0.012 in final CNBC: Ag", respectively.

Materials characterization
Powder X-ray diffraction data were collected by the detector
Rigaku, D/max 2550V with Cu-K,; radiation (A = 0.154187 nm).
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Figure 1 Design concept of trace Ag doping into CNBC for broadband emission enhancement. (a) Schematic illustration of the introduction of trace Ag into
CNBC, resulting in local symmetry breaking and efficient vacancy suppression. The electron localization functions of CNBC (b) and CNBC: Ag" (c). The
calculated band structures of CNBC (d) and CNBC: Ag® (e). (f) Schematic of the photophysical process for symmetry-breaking-induced carrier generation.
(g) Schematic of the photophysical process for vacancy suppression to enhance the STEs. (h) Photoluminescence spectra under excitation of 350 nm for CNBC
and CNBC: 0.7% Ag" measured at 25 °C. The inset shows the corresponding PLQY of CNBC and CNBC: 0.7% Ag".
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ICP-OES measurements were performed at inductively coupled
plasma atomic emission spectroscopy (Horiba Ultima Expert,
Agilent ICPOES730). Raman spectra were recorded with an
excitation laser source of 532 nm (HORIBA HR Evolution).
TEM and SEM images were obtained by using TEM (JEOL JEM-
2100F) and SEM (JEOL JSM-7800F). The XPS spectra were
measured by using a Shimadzu AXIS ULTRA DLD spectrometer
using a monochromatic Al Ka source (12kV, 10 mA). The
absorbance spectra were obtained by a spectrophotometer
(Shimadzu, UV-2600), using BaSO, as a reference sample.
Photoluminescence and excitation spectra of Cs,NaBiCls: Ag"
DPs were measured using a Hitachi F4600 spectrofluorometer.
Photoluminescence quantum yields were detected using a
spectrofluorometer (Hamamatsu Photonics, Quantaurus QY
Plus C13534-12). A regenerative-amplified Ti: sapphire laser
system (Coherent) was used for Fs-TA spectroscopy measure-
ments. The regenerative-amplified Ti: sapphire laser system
(Legend Elite-1K-HE, 800 nm, 25fs, 4 mJ/pulse, and 1kHz
repetition rate) was seeded with a mode-locked Ti: sapphire laser
system (Vitara) and pumped with a Nd: YLF laser (Evolution
30). The main part of the output light of the regenerative-
amplified Ti: sapphire laser was introduced into the optical
parametric amplifiers (TOPAS-C) with the wavelength-tunable
laser pulse from 290 nm to 2.6 um. The pump beam with
wavelength of 310 nm was used in the Fs-TA measurement.
Luminescence lifetime and temperature-dependent PL emission
spectra were tested with an Edinburgh FLS980 fluorescence
spectrometer. The Bruker A300 instrument was used to measure
the electron paramagnetic resonance. The Thermogravimetric
data were collected under N, atmosphere (PerkinElmer Instru-
ments, Diamond TG/DSC6300). The XAFS spectra at the Ag K-
and Bi L;-edge were acquired at the HXMA beamline at the
Canadian Light Source. All spectra were measured in fluores-
cence mode and normalized to the incident photon flux. The
data processing was conducted using the Demeter software
package [17]. The fitting at the EXAFS region was only per-
formed within the first shell (e.g., Ag-Cl and Bi-Cl). The R-
space signal was obtained by a k’-weighted Fourier transfer of
EXAFS signal y(k) over a k-range of 3.0 to 12.0 A™" for Bi and of
3.0 to 9.1 A™! for Ag. The fitting was performed in the R-space
within a range between 1.0 and 3.0 A. The amplitude reduction
factor was set to be 0.8.

NIR LED assembly

The NIR LED was packed by combining the perovskite phos-
phors with a commercial 365 nm UV chip (San’an Optoelec-
tronics Co., Ltd., 1 W, 365 nm). The phosphor and the UV
curable adhesive were fully mixed in a 1:1 mass ratio and then
uniformly coated on the UV Chip. The device was further cured
at 80 °C for 8 h.

Device characterization

The luminescence spectrum of the device was obtained by an
OHSP-350M LED Fast-Scan Spectrophotometer (Hangzhou
Hopoo Light&Color Technology Co., Ltd.). The absorption
spectral data of fruits were recorded by a fiber-optic spectro-
meter (NOVA highly sensitive spectrometer, ideaoptics).

DFT calculations

First principles calculations were performed by the Vienna ab
initio simulation package (VASP) using density functional the-
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ory in Perdew-Burke-Ernzerhof generalized gradient approx-
imation for the exchange correlation functional. Cs,NaBiClg was
modeled with 40 atoms on the basis of the unit cell, and Ag ions
doped Cs,NaBiClg:Ag" were modeled according to the above
Cs,NaBiCls model with a Na atom substituted by an Ag atom.
First, the geometry optimizations were performed until the total
energies and the Hellmann-Feynman forces on the atoms con-
verged to 1x107°eV and 0.02 eV/A, respectively. Both band
structures and density of states were calculated using optimized
lattice structures. The plane wave cutoff energy of 450 eV was
used throughout the calculation. The k-point meshes for Bril-
louin zone sampling were 2x2x2 according to the Monkhorst-
Pack scheme.

RESULTS AND DISCUSSION

Design concept of trace Ag doping into CNBC for broadband
emission enhancement

CNBC shows a double perovskite 3D structure, in which each
Bi’* and Na' ions are coordinated with six Cl~ ions to form
[BiCl]’~ and [NaClg]>~ units (Fig. la). These [BiCls]*~ and
[NaCl¢]*™ octahedrons are stacked alternatively with Cs" ions
occupying the gaps between the octahedrons. Both Ag" and Na*
ions have similar ionic radii (1.29 A for Ag’, 1.16 A for Na*)
[18]. Therefore, Ag" could be easily dissolved in CNBC and
occupy the lattice sites of Na*, leading to low lattice mismatch.

Then, density functional theory (DFT) calculations confirm
that trace Ag-induced covalency (Ag-Cl) was successfully
introduced into CNBC: Ag" based on the distribution of charge
densities between atoms (Fig. 1b, ¢). In the case of Na-Cl, the
bond charge densities at the nuclei of Na and Cl were different
and dense, whereas for Ag-Cl, we observed a uniform dis-
tribution of charge densities between these atoms. It shows the
covalent nature of Ag-Cl bonds. It is noteworthy that ion
polarization was responsible for the nature of the chemical
bonding between the surrounding chloride atoms and the
monovalent ions in the lattice. Such different electron localiza-
tion functions could inevitably affect the bond lengths of Bi-Cl
(Supplementary Information, Fig. SI1). Specifically, the bond
length of Bi-Cl was increased from 2.725 A (Bi-Cl-Na) to
2.744 A (Bi-Cl-Ag) after Ag occupied the Na site. Therefore, the
local site symmetry of Bi’* would be broken, which could lead to
an improvement in optical absorption [19]. Furthermore, we
calculated the electronic structure and projected density of states
of CNBC and CNBC: Ag" (Fig. 1d, e; Supplementary Informa-
tion, Fig. S2). The calculated indirect band gap of CNBC was
3.72 eV, and the valence band (VB) maximum was mainly
contributed by the Cl 3p orbital, while the conduction band (CB)
minimum was primarily ascribed to the contribution of the Bi 6p
and Cl 3p orbitals. CNBC: Ag" showed a smaller indirect band
gap of 2.14 eV because of the contribution of Ag 4d and Cl 3p
orbitals to the VB maximum. These results provide theoretical
evidence of enhancing the covalency of CNBC by trace Ag
doping.

The introduction of trace Ag-Cl covalent bonds into CNBC
could produce two effects, symmetry breaking and vacancy
suppression (Fig. la, f, g). This could promote the carrier gen-
eration and the STEs density. As shown in Fig. 1f, Ag-Cl cov-
alency induces lattice shrinkage and breaks the [BiClg]>
octahedral symmetry of the Ag" neighboring sites, thus facil-
itating the s>>sp parity-allowed transition of Bi’*. In detail, the
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exciton binding energy could be lowered by 0.12 eV, in line with
the trend of decreasing the forbidden band width. The low
binding energy would promote the dissociation of excitons to
form carriers, which then transfer to the self-trapped state for
the subsequent STEs emission process [20]. On the other hand,
the Cl vacancy was the nonradiative recombination center of
electrons and holes [21], and this would hinder the transfer of
carriers to the self-trapped state. The covalent interaction could
suppress the chlorine vacancies well and reduce the rate of
nonradiative recombination (Fig. 1g). In conclusion, symmetry
breaking could promote carrier generation, and vacancy sup-
pression could facilitate the carriers to form STEs. And both
synergistically increase the STEs density. Thus, the PL intensity
of the resulting CNBC: 0.7% Ag" crystals could be enhanced
with the PLQY of 89%, which was 5.6 times higher than that of
CNBC crystals (Fig. 1h).

Structure and chemical environments of trace Ag-doped CNBC:

Ag*

We then investigated the structure and chemical environments
of CNBC: Ag" DPs. These Ag-doped CNBC DPs could be
synthesized by solvothermal treatment of CsCl, NaCl, AgCl, and
BiCl; in HCI (12 M) solution. The Ag" doping ratio in the final
CNBC: Ag" samples was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). And the
results show low Ag doping concentration (<2 mol%) in all
samples (Table S1). The DPs with Ag" doping all exhibit the
same X-ray diffraction (XRD) pattern as CNBC (space group:
Fm3m), indicating pure phase structures (Fig. 2a) [22-24]. The
diffraction peak (220) was gradually shifted to a larger angle and
approached CABC, showing a gradual lattice shrinkage due to
the introduction of the covalent Ag-Cl bonds (2.768 A) being
shorter than the ionic Na-Cl bonds (2.805 A). Under 532 nm
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Figure 2 Structural characterization of CNBC: x% Ag" DPs. XRD patterns (a) and Raman spectra collected at 532-nm laser irradiation (b) of CABC and
CNBC: x% Ag" (0<x<100). The enlarged peaks of (220) in the right panel of (a) indicate their shifts towards the larger-angle region with the increased Ag*
concentration. The schematic diagrams of intrinsic lattice vibrations correspond to each Raman active mode, and the amplified A, peak in the right panel of
(b) rises with increasing Ag" concentration. The purple and blue balls indicate Bi*" and CI, respectively. (c) SEM (left) and EDS elemental mapping images
(right) of CNBC: 0.7% Ag". (d) High-resolution TEM image of CNBC: 0.7% Ag". The inset shows the Fast Fourier transform corresponding to the (220) crystal
spacing. (e) The measured and EXAFS with fitting curves of the Ag K-edge in R-space of CNBC: 0.7% Ag". The EXAFS curves (f) and fitting curves (g) of the
Bi L;-edge in R-space of CNBC: 0.7% Ag" and CNBC reference sample.
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laser excitation, the samples exhibit three strong Raman modes
corresponding to breathing vibrations (T, 113 cm™'), asym-
metric stretching (E,:216 cm™), and symmetric stretching (Ayg:
284 cm™) of the Cl atoms (Fig. 2b). The energy of the A, mode
did not change, but the intensity increased because the [AgCl¢]*~
octahedron dominated the [NaCly]>~ octahedron due to cova-
lency modulation [25]. The peak position of CNBC in the
spectrum is more low frequency compared to CABC. Since the
frequency is directly proportional to the bond strength, it is
expected that longer bonds result in lower energy for the optical
phonons, indicating a softer lattice [26,27].

Scanning electron microscopy (SEM) showed that the syn-
thesized CNBC: 0.7% Ag" DPs has a typical octahedral mor-
phology (Fig. 2c). The elemental mapping images show a
uniform distribution of Cs, Na, Ag, Cl, and Bi through the whole
particle. The spacing (0.374 nm) of the (220) plane confirmed by
the high-resolution transmission electron microscopy (TEM)
image is smaller than the standard spacing (0.383 nm), which
was an evidence of lattice shrinkage due to enhanced covalency
(Fig. 2d). Moreover, X-ray photoelectron spectroscopy (XPS)
confirmed that all elements in the sample exist in the expected
oxidation state (Supplementary Information, Fig. S3). The
binding energies of Cs, Na, Bi, and Cl in CNBC: 0.7% Ag" have
little changes compared to CNBC, and the appearance of the
weak Ag 3d characteristic peak implies that only a trace amount
of Ag was doped for substituting Na to form the [AgCle]’>”
octahedron [28,29].

To better illustrate the effect of Ag-Cl covalency on the
structure of [BiCls]>~ octahedra, the XAFS was employed [30].
First, the chemical states of Ag and Bi sites in DPs were char-
acterized by Ag K-edge and Bi L;-edge X-ray absorption near-
edge structure (XAENS) spectra (Supplementary Information,
Fig. $4). The extended X-ray absorption fine structure (EXAFS)
data as well as fitting results were also shown, where the main
peaks in Fig. 2e-g are attributed to scattering interactions
between Ag and Cl atoms (Ag-Cl), Bi and Cl atoms (Bi-Cl),
respectively. The results of fitting in R-space indicate that the
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six-coordination environment of Ag with an interatomic dis-
tance of 2.683 A was direct evidence that Ag occupies the Na
site. Meanwhile, the effect of covalency modulation has a neg-
ligible effect on the first shell coordination number of the Bi**
ions. The valence states of Bi were unchanged before and after
covalency modulation. In particular, the chemical states of Bi in
CNBC and CNBC: 0.7% Ag" are very similar. It is revealed that,
as the Ag is doped, the coordination number of Bi-Cl decreases
slightly from 6.0 to 5.4, which may be caused by Ag-Cl polar-
ization leading to the languishing interaction of Bi-ClI [31,32].
The average Bi-Cl interatomic distance increases from 2.694 to
2.703 A (Table S2), which agrees with the trend of the first-
principles calculations.

Optical properties of trace Ag-doped CNBC: Ag"

To understand the effect of trace Ag doping on the optical
behavior of CNBC DPs, PL spectroscopy experiments were
performed, confirming the higher luminescence intensity for the
materials after covalency modulation (Fig. 3a). All DPs have a
broadband emission in the 400-900 nm range with a full width
at half maxima of 246 nm (the shoulder peak at 810 nm is the
instrumental noise). And the lattice shrinkage resulting from
trace Ag doping did not produce a blueshift in the PL spectra. It
shows strong evidence of emission from STEs. The emission
peak of CNBC doped with Ag" is located at 680 nm in line with
CNBC, unlike that at 620 nm for CABC (Supplementary
Information, Fig. S5). This indicates that the emission mode of
CNBC after Ag" doping was unchanged. Notably, CNBC: 0.7%
Ag" shows the best optical properties with PLQY as high as 89%
(Fig. 3b; Supplementary Information, Fig. S6), much higher than
the 16% of CNBC. CNBC: 0.7% Ag" is promising for near-
infrared (NIR) applications due to the broadband emission
peaks covering the NIR I band (650-950 nm) [33-36]. Such high
PLQY has a great advantage over other perovskite materials in
this band region (Fig. 3c, Table S3). CNBC: 0.7% Ag' also
exhibits excellent environmental stability over a considerable
period (Fig. 3d). Notably, our optimized doping concentration
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Figure 3 Optical properties of CNBC: x% Ag" DPs. PL spectra (a) and PLQY (b) of CNBC: x% Ag" (0<x<100). All measurements were performed at 25 °C.
(c) PLQY versus wavelength for various NIR materials. The data are also shown in Table S3. (d) PL intensity of CNBC: 0.7% Ag" after being exposed to air for
15 days under ambient conditions. UV/Vis absorption spectra (e), and excitation spectra (f) of CNBC: x% Ag". (g) Emission intensity versus excitation
wavelength for CNBC: 0.7% Ag". (h) Simplified energy level scheme for CNBC: 0.7% Ag".
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demonstrates a significant reduction compared to previously
reported counterparts (Table S4).

We further investigated the broadband emission mechanism
in DPs. As the Ag" concentration increases, the edges of the
CNBC: x% Ag" (0<x<100) absorption bands red-shift (Fig. 3e),
and the Tauc plot shows that the band gaps are gradually
decreasing (Supplementary Information, Fig. S7). It is noted that
the photoluminescence excitation (PLE) spectrum of CNBC:
0.7% Ag" at 680 nm presents a strong and broad excitation band
in the 200-375 nm range (Fig. 3f), mostly consisting of two
excitation peaks at 300 and 350 nm. This corresponds to the
dipole-allowed transition of 'S,—!'P, and the spin-orbit allowed
transition of 'Sy—’P, for Bi’*. Not only that, the STEs origin of
the broadband emission could be experimentally confirmed by
the fact that the PLE spectra show the same shapes and features
for the emission from 460 to 700 nm as well as the PL spectra for
the excitation from 280 to 350 nm, suggesting that the broad-
band emission originates from the relaxation of the same excited
state (Fig. 3g; Supplementary Information, Fig. S8). Based on the
above analysis, the NIR emission mechanism in CNBC: 0.7%
Ag" is proposed (Fig. 3h). When the excitation source irradiates
the material, the excitation energy is firstly absorbed by Bi’*
ions. Due to the improved optical absorption after covalency
modulation, dipole-allowed transitions are enhanced. This leads
to an enhanced STE density and the broadband NIR emission
after radiative recombination of the STEs.

Trace Ag doping-induced symmetry breaking for promoting
carrier generation

The trace Ag doping yields a marked symmetry breaking,
leading to an improvement in carrier generation, as directly
confirmed by ultrafast femtosecond transient absorption (Fs-
TA) spectroscopy. We explored ultrafast photophysical pro-
cesses during photoexcitation of CNBC and CNBC: 0.7% Ag"
with a 310 nm femtosecond pulsed laser under the same con-
ditions. In the contour plots of Fs-TA spectra, all samples exhibit
similar positive photoinduced absorption (PIA) (Fig. 4a, b;
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Supplementary Information, Fig. S9), indicating evidence for the
formation of STEs in the crystal lattice. In addition, the
increased intensity of the PIA signal for CNBC: 0.7% Ag" sug-
gests the existence of a dark-state exciton transition to bright-
state processes (where undoped CNBC corresponds to dark
STEs and CNBC: 0.7% Ag" corresponds to bright STEs) [37], in
reflection of the improvement in optical absorption. Further
kinetic traces show that the rise time of PIA in the probe region
from 450-700 nm was about 100 fs shorter than before sym-
metry breaking (Fig. 4c, Table S5). This means a shorter time for
CNBC: 0.7% Ag" to reach the STEs state from the ground state
(Fig. 4d).

To reveal the phenomenon of faster STE formation in TA
spectra, we further investigated the photophysical mechanism by
variable-temperature PL spectroscopy. CNBC and CNBC: 0.7%
Ag" show similar emission properties (Fig. 4e, f; Supplementary
Information, Fig. S10), and the PL intensity decreases con-
tinuously with increasing temperature, which could be explained
by the emergence of thermally activated nonradiative recombi-
nation processes [38]. At the same time, the PL peak position
experiences a monotonic blueshift, suggesting that temperature-
induced thermal expansion of the lattice rather than electron-
phonon coupling dominates the evolution of the photo-
luminescence emission energy [39,40]. By fitting the tempera-
ture-dependent PL intensity with the Arrhenius equation, the
exciton binding energy (E,) of CNBC: 0.7% Ag" was calculated
to be about 150.8 meV (Fig. 4g), significantly lower than that of
CNBC (274.5 meV). During the formation of STEs, the low
binding energy favors the dissociation of excitons to form car-
riers, which could be trapped by the lattice distortion after
symmetry breaking, thus favoring the formation of STEs states

(Fig. 4h).

Trace Ag-doping induced vacancy suppression for enhanced STEs
emission

It is proven that the poor PL properties of DPs also stem from
the formation of chlorine vacancies during the phase of crys-
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Figure 4 Symmetry breaking via trace Ag doping for promoting carrier generation. Transient absorption spectra for CNBC (a) and CNBC: 0.7% Ag" (b)
(laser pulse of 310 nm and 0.6 mW). (c) The rise time of the PIA kinetic curves in the probe region from 450 to 700 nm. (d) Schematic diagram from the
ground state to the STEs state for CNBC and CNBC: 0.7% Ag". Contour plots of the temperature-dependent PL emission spectra for CNBC (e) and CNBC:
0.7% Ag" (). (g) Integrated PL intensity of STEs for CNBC and CNBC: 0.7% Ag". (h) Schematic diagram of local symmetry breaking affecting the excitons

production and electron transition.
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tallization [41,42]. As shown in Fig. 5a, in the hydrochloric acid
environment, the Na-Cl bond is strongly ionic, causing Na* and
Cl” to form two isolated ionic portions in the solvent [43]. The
covalent interaction of trace Ag" and Cl” can inhibit the gen-
eration of chlorine vacancy defects during the nucleation of DPs.
We then performed the electron paramagnetic resonance spec-
troscopy (EPR) measurements (Fig. 5b). Both CNBC and CNBC:
0.7% Ag" show a Lorentzian line with g~2.01, evidencing a
typical character of free electrons [44]. This is caused by the
unpaired free electrons provided by the chlorine vacancies. The
decreased signal intensity reveals that covalency modulation
suppresses the chlorine vacancy defect density.

Here, to verify that chlorine vacancies are the non-radiative
recombination center, a batch of CNBC: 0.7% Ag" samples was
synthesized in different concentrations of hydrochloric acid. The
XRD patterns of this batch all show a pure phase structure
(Supplementary Information, Fig. Slla), and the diffraction
angle shifts to a high angle with decreasing hydrochloric acid
concentration. This is a sign of lattice shrinkage due to the
increased chlorine vacancy density. In addition, the EPR spectra
exhibit that the lower hydrochloric acid concentration could lead
to a higher chlorine vacancy density (Fig. 5c), and this is in
concordance with the XRD results. The increased chlorine
vacancy density led to a decrease in the PL intensity (Fig. 5d;
Supplementary Information, Fig. S11b), proving that chlorine
vacancies are the non-radiative recombination center. In sum-
mary, we have shown that covalency modulation can suppress
the formation of chlorine vacancy defects and reduce the non-
radiative recombination.

There is evidence for the suppression of chlorine vacancies by
covalency modulation in the formation kinetics of STEs as well.
The PIA decay signal (425 nm) of DPs in Fs-TA spectra could be
fitted by three components: the ultrafast lifetime of 7, the
middle lifetime of 7,, and the slow lifetime of 73, attributed to the
formation time of the STEs state, the time of intra-band
relaxation, and radiative recombination induced by the STEs
state, respectively (Fig. 5e, f). In particular, the ultrafast com-
ponent (7;) and the middle component (7,) were assigned to

volume defects trapping and surface trap trapping, respectively
[45,46]. The time-resolved photoluminescence decay lifetime
(TRPL) measurements showed that the fluorescence lifetime was
extended (from 7.94 to 8.21 ps) after covalency modulation
(Fig. 5g; Supplementary Information, Fig. S12), which was in
agreement with the increasing of 73 lifetime. This was proof of
the enhancement of radiative recombination [47]. We fitted the
fluorescence lifetime decay curves to obtain a short-lived com-
ponent (2.7 ps for CNBC; 7.0 ps for CNBC: 0.7% Ag") and a
long-lived component (8.3 us for CNBC; 17.2 ps for CNBC: 0.7%
Ag"). This is also a result of chlorine vacancy suppression. In
general, covalency resulting from Ag-Cl bonds suppresses
chlorine vacancy formation during CNBC: 0.7% Ag" nucleation.
Thus, the radiative recombination replaces the non-radiative
recombination in CNBC: 0.7% Ag’, and the higher STEs density
is responsible for stronger broadband emission (Fig. 5h).

NIR LED assembly based on CNBC: 0.7% Ag"

CNBC: 0.7% Ag" has ultra-high stability in air (Supplementary
Information, Fig. S13), with ultra-broad emission covering the
NIR region as well as ultra-high PLQY. To further prove its
practical application, we fabricated an NIR LED by combining
the CNBC: 0.7% Ag" phosphor with a commercial 365 nm UV-
LED chip (Fig. 6a). The NIR LED device based on CNBC: 0.7%
Ag" DPs has strong NIR emission under the 650 nm filter
(Fig. 6b). It displays ultra-broad emission from 400 to 1000 nm
with a peak at 689 nm with a chromaticity coordinate of (0.536,
0.431) (Fig. 6¢, d). The NIR LED possesses a good color ren-
dering index (Ra=89) (Supplementary Information, Fig. S14)
and excellent optoelectronic performance, with a good linear
relationship between emission intensity and excitation power
(Fig. 6e, ).

We demonstrated the promise of NIR LED device in the field
of nondestructive analysis by measuring the absorption spectra
of several substances, such as watermelon, apple, tomato, and
blueberry. We first built a testing light path by using the fabri-
cated NIR LED as a light source (Fig. 6g). The fruits in the area
to be tested absorbed the broadband emission from the NIR
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Figure 5 Vacancy suppression via trace Ag doping for improved STEs emission. (a) Schematic diagram of vacancy suppression during nucleation. (b) EPR of
CNBC and CNBC: 0.7% Ag". EPR (c) and PL intensity (d) of CNBC: 0.7% Ag" synthesized at different concentrations of hydrochloric acid. PIA decay
dynamics of CNBC (e) and CNBC: 0.7% Ag" (f) probed at 425 nm. (g) TR-PL decay curves. (h) Schematic diagram of vacancy suppression for enhancing STEs.
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Figure 6 Application demonstration of NIR LED with CNBC: 0.7% Ag". The model of the NIR LED (a) and photos of the light emitted under power (b). Red
light is emitted under a 650 nm filter. Emission spectrum (c), CIE chromaticity diagram (d) of NIR LED. Luminescence spectra (e) and dependence (f) of the
Vis-NIR-emitting intensity of NIR LED on the operating current from 20 to 120 mA. (g) Schematic diagram of the experimental setup for measuring
absorption (top panel), and fingerprint spectra of different fruits (down panel). (h) Photos of the fist after transillumination of NIR light. (i) Photographs of

apple and pear under daylight and upon illumination with NIR LED.

LED, and the fiber-optic spectrometer received the penetrated
signal and output it to a computer. In the test, it was found that
the color and thickness of the fruits would generate the corre-
sponding fingerprint spectra. The colors of the fruits correspond
to the signal start points (600 nm for tomato, 700 nm for blue-
berry), and the species of the fruits determine the absorption
capacity (watermelon absorbs more than apple) at the same
thickness. This may be due to the fruit colors and photosensitive
pigments related to the absorption. And it could be used in the
field of rapid fruit screening (e.g., tomato has different colors at
different stages of ripening). In addition, medical imaging could
be achieved through the absorption of NIR emission by chro-
mophores in blood (Fig. 6h; Supplementary Information, Fig.
S15a). When the NIR light illuminates the fist, the venous blood
vessels on the back of the hand are recognized by the NIR
camera, and a black-and-white image is recorded. Finally, we
also demonstrated the application of NIR LED in night vision
(Fig. 6i; Supplementary Information, Fig. S15b). After being
turned on, the NIR camera could clearly capture the contours
and the shadows of the fruits, which were displayed in black and
white.

CONCLUSIONS

In summary, the trace Ag-triggered covalency modulation
strategy has been developed to effectively improve the lumi-
nescence efficiency of the CNBC. Experimental and theoretical
calculations confirm the enhanced covalency of CNBC DPs by
introducing trace Ag". It could lead to significant local symmetry
breaking and Cl vacancy suppressing, thus effectively lowering
exciton binding energy by 0.12 eV and enhancing the STEs
density. It is notable that the as-prepared CNBC: 0.7% Ag"
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shows a high PLQY of 89%, 5.6 times that of pure CNBC in the
NIR-I region and much superior to those reported NIR emitting
materials. It also demonstrates excellent structural and PL sta-
bility under ambient conditions. Finally, this material could be
combined with a 365 nm UV-LED chip for successful demon-
stration in nondestructive spectral analysis and night vision
illumination. This study provides a promising strategy of trace
metal doping for photoluminescent emitters with high-efficiency
emission.
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