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Boosting STE and Nd*>* NIR Luminescence in Cs,AgInCl,
Double Perovskite via Na* /Bi**-Induced Local Structure
Engineering

Shilin Jin, He Yuan, Tao Pang, Manjia Zhang, Youwu He,* Bin Zhuang, Tianmin Wu,*
Yuanhui Zheng, and Daqin Chen*

doped phosphors can produce UV and vis-
Currently, lanthanide (Ln*) doped Pb-free double perovskites (DPs) suffer ible broadband emissions but are hard to

from competitive emissions of the self-trapped exciton (STE) and Ln3*. yield NIR emissions.[!l Cr’*-doped phos-
Herein, a new type of Nd**-doped Cs,AgInCl; DPs with Na*/Bi>* co-alloying phors have been regarded as desirable NIR
is developed. Benefiting from Na* /Bi**-induced local structural modification, emitters, but most reported .Cr% lumines-
both STE broadband visible luminescence and Nd** near-infrared (NIR) cence is actually located within the far

g . . e . ) red region rather than NIR one (especially
emissions are boosted via free exciton sensitization. Specifically, a total for emitting wavelength over 1000 nm).”

648-fold enhancement in emitting intensities compared to the Na* /Bi**-free In addition, the preparation of phosphors
counterpart is realized, with a significantly improved NIR photoluminescence containing Bi** and Cr** can be accom-
quantum yield (PLQY) from 0.16% to 30.3%. First-principles density panied by the production of Bi*, Bi*,

Cr>*, and Cr®* [233] which makes the system
complex. On the other hand, Ln** doping
enables them to emit a broad spectrum

functional theory calculations, Raman spectra, and steady/transient-state PL
spectra verify the modification of local site symmetry, breakdown of

parity-forbidden absorption, and reduction of electron-phonon coupling via covering from UV to infrared benefit-
Na*/Bi** doping. Finally, a compact vis—NIR broadband light-emitting diode ing their plentiful metastable excited lev-
(LED) is designed by coupling the Na/Bi/Nd: Cs,AgInCl; DP with a els. For instance, Er-doped, Pr-doped, and

Tm-doped broadband NIR-emitting fiber
amplifiers have been successfully commer-
cialized. Unfortunately, Ln**-doped NIR
emitters generally suffer from narrow-
band spectral characteristics and weak 4{-4f
intra-transition absorption. To address these issues, sensitizing
Ln?** luminescence via semiconductor is expected to be an effec-
Ultra-broadband light sources emitting over vis—-NIR’s wide spec-  tive strategy to realize efficient vis—NIR emissions owing to effi-
tral range are of great interest in diverse fields. Traditionally, Bi**  cient band-to-band absorption and tunable bandgaps.[*!

commercial ultraviolet LED chip, which shows promising applications in
spectroscopic analyses and multifunctional lighting.

1. Introduction
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All-inorganic lead halide perovskite semiconductors have been
extensively studied for their promising application prospects in
optoelectronic fields.>] Especially, the advantages of facile synthe-
sis, tunable and high-purity emissions, as well as eminent PLQYs
enable them to find applications in LEDs and high-definition
displays.[®] However, investigations have been predominantly
limited to the visible spectral range so far.l’l In this case, great
efforts have been devoted to extending the spectral region of
metal halide perovskites to the NIR range for a variety of new
applications. Recently, doping Ln** ions was proposed to con-
fer and tune the optical properties of halide perovskites.!8l Ac-
cordingly, NIR luminescence of Yb** with PLQY beyond 100%
was achieved in Yb**-doped CsPbCl, via quantum-cutting en-
ergy transfer from halide perovskite to Yb** ions.[) Despite the
promising prospects, two key issues of lead toxicity and inher-
ent instability need to be solved. In this regard, lead-free halide
DPg with low toxicity and excellent stability have been consid-
ered the ideal hosts for Ln** doping to produce NIR emissions.!1°]
Among the DP family, Cs,AgInCl, with a direct band gap fea-
ture has been extensively studied because of its diverse structural
variants with Ag* and In3* cations substituted by other alloying
ions.['!l Importantly, Cs,AgInCl; owns an octahedral coordina-
tion environment of [InCl]*~ suitable for Ln** incorporation into
equivalent In** sites. Currently, Yb** and Er** ions have been
successfully incorporated into the Cs,AgInCl, host, giving rise to
broadband visible luminescence ascribed to STE and NIR emis-
sions originated from f-f transition of Yb** and Er** at 996 and
1537 nm.1"?l Unfortunately, these Ln**-doped Cs,AgInCl, DP
suffer from weak absorption/excitation of Cs,AgInCl; DP and
competitive emissions between STE and Ln** dopants owing to
the dominant STE sensitization mechanism.['*] Energy transfer
from STE to Ln** dopants will reduce STE luminescence.[10¢132.14]
Therefore, it is urgently demanded to optimize Ln** doping type
and Cs,AgInCl, DP structure to effectively boost NIR emissions
of Ln** dopants without STE quenching.

Herein, we report the local structure engineering of Nd**-
doped Cs,AgInCl; DP via Na*/Bi** co-alloying to produce effi-
cient NIR emissions of Nd** from 850 to 1400 nm. Nd** ions
own plenty of intermediate energy levels, which can well match
the energy band structure of Cs,AgInCl, DP and promote effi-
ciently sensitized NIR emissions via free excitons (FEs) rather
STEs. Excited-state dynamics and energy transfer mechanism in
the Na*/Bi** /Nd** tri-doped Cs,AgInCl; DP were systematically
studied by virtue of temperature-sensitive steady/transient-state
PL spectra as well as femtosecond transient absorption (fs-TA)
spectra. Importantly, Na*/Bi** co-alloying can simultaneously
boost broadband STE luminescence and Nd** NIR emissions,
showing a total 648-fold increase in STE and Nd** NIR PL inten-
sities compared to the Na-Bi-free counterpart, with a significantly
improved NIR PLQY from 0.16% to 30.3%. As tabulated in Table
S1, Supporting Information, this is the first report that both STE
and Ln** NIR emissions are concurrently enhanced in the Ln3*-
doped DP-derived materials. First-principles density functional
theory (DFT) calculations and Raman spectroscopic analysis ev-
idenced that such significant enhanced luminescence is mainly
ascribed to the synergistic effect of modification of local site sym-
metry, breakdown of parity forbidden absorption, reduction of
electron-phonon coupling, and energy transfer from free exciton
to Nd**. Furthermore, we construct a phosphor-converted broad-
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band light-emitting device (pc-LED) by coupling it with a com-
mercial UV LED chip and show its potential applications in spec-
tral analysis and night vision.

2. Results and Discussion

Na*/Bi**/Nd** tri-doped Cs,AgInCl; samples were prepared
by a modified coprecipitation method.[>] Figure 1a shows the
highly symmetric face-centered cubic structure of Cs,AgInCl,
DP (space group: Fm 3m), where [AgCl,]>~ and [InCl,]*~ octahe-
drons alternately occupy the unit cell and Cs™ ions are located in
the middle of the cub-octahedral centers.['®] Na* and Bi**/Nd3**
are expected to replace the lattice positions of Ag™ and In’", re-
spectively, depending on the ionic equivalent charge and ionic
radii (Figure 1a).l"”] X-ray diffraction (XRD) patterns for the Nd**
doped, Bi**/Nd** co-doped, and Na*/Bi**/Nd** tri-doped sam-
ples (Figure 1b) are well assigned to cubic Cs,AgInCl; phase
(ICSD number 244519). With the doping of Nd**, Bi**, and Na*
ions, the diffraction peaks appear to shift towards smaller angle
(Figure S1, Supporting Information), indicating a slight expan-
sion of Cs,AgInCl, lattice since Nd** (r = 0.98 A, CN = 6) and
Bi** (r = 1.02 A, CN = 0) ionic radii are larger than the In**
(r=0.80 A, CN = 6) and the Na—Cl bond length is longer than
the Ag-Cl one.["’ The nominal Nd/In doping ratio was set from
111% to 333%, which corresponds to the actual concentration
from 0.97% to 2.03% measured by inductively coupled plasma-
mass spectrometry (ICP-MS, Table S2, Supporting Information).
Only a tiny fraction of Nd** ions are incorporated into the DP
crystalline lattice, which may be due to highly different electronic
configurations of Nd** and In** ions.

Scanning electron microscopy (SEM) images show micron-
sized crystals with polygonal shapes for four product groups and
a slight reduction in crystal size following Nd3*, Bi**, and Na*
doping (Figure S2, Supporting Information). The uniform distri-
bution of Cs, Ag, In, Cl, Nd, Bi, and Na elements was confirmed
by energy dispersive X-ray (EDX) mapping measurements in
Na/Bi/Nd: Cs,AgInCl, DP (Figure S3, Supporting Information).
Typical Cs 3d, Ag 3d, In 3d, Cl 2p, and Nd 3d signal peaks (Figure
S4, Supporting Information) were detected by high-resolution X-
ray photoelectron spectroscopy (XPS), and extra Bi 4f and Na 1s
peaks were observed for Na/Bi/Nd:Cs,AgInCl, DP (Figure S5,
Supporting Information). The binding energy of Ag 3d and In
3d are altered after Na*/Bi** alloying (Figure S4c,d, Supporting
Information). All these results confirm Na* and Bi** ions have
entered into the Nd:Cs, AgInCl, lattice. The actual elemental con-
tents of Na* (240 mol%) and Bi** (210 mol%) ions determined
from EDX and XPS are consistent with the corresponding stoi-
chiometric ratios (Tables S3 and S4, Supporting Information).

The effect of Na*/Bi** co-alloying on Nd** NIR lumines-
cence was investigated (Figure 1c,d). Besides broadband STE
luminescence, all the samples show three typical NIR emis-
sion bands assigned to Nd***F;, — *I; transitions (] = 9/2,
11/2, 13/2: 890, 1063, and 1351 nm, respectively). Apparently,
Nd: Cs,AgInCl; sample exhibits very weak STE and Nd** NIR
emissions, which will be enhanced by the introduction of Bi**
dopants. Importantly, the co-alloying of Na*/Bi** will further im-
prove SET and Nd** NIR emissions (Figure 1c). The total PL in-
tensities of STE and Nd>** activator in the Bi**/Nd** co-doped
and Na*/Bi**/Nd3** tri-doped DPs are enhanced by 226 and
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Figure 1. a) Schematic illustration of Na*/Bi**/Nd>* tri-doped Cs,AgInCls DP crystal structure. b) XRD patterns, c) PL spectra, and d) NIR PLQY of
the Nd** doped, Bi**/Nd3* co-doped, and Na*/Bi3* /Nd** tri-doped Cs,AgInCl¢ DPs. Insets of (c) and (d) show STE and NIR emitting photographs

recorded by visible and NIR cameras, respectively.

648 times, respectively, relative to that of Nd:Cs,AgInCl,. As evi-
denced in Figure 1d, NIR PLQYs of the Nd** doped, Bi**/Nd>** co-
doped and Na*/Bi** /Nd** tri-doped samples are determined to
be 0.16%, 8.75%, and 30.31%, respectively. Visible and NIR lumi-
nescent images recorded by cameras clearly demonstrate the im-
proved emitting brightness upon Na*/Bi** co-alloying (insets of
Figure 1c,d). The total PLQY including both STE and NIR bands
is 92.57% for the Na/Bi/Nd:Cs,AgInCl; DP.

Absorption spectra (Figure 2a) of the pristine and Nd:
Cs,AgInCl; DPs are similar, with strong absorption at #320 nm
and very weak absorption at ~370 nm. In addition, the un-doped
sample shows an absorption tail starting at longer wavelengths,
which is completely eliminated after Na*/Bi** /Nd** doping. Im-
pressively, Bi** doping leads to significant enhancement of the
~370 nm absorption band, and the optical absorption behavior
is barely altered by further tri-doping Na* ions. Therefore, it is
believed that this improved absorption at ~#370 nm arises from
the contribution of Bi** dopants, which is important for their ap-
plication owing to the excitation of commercial UV LED emit-
ted at 360-385 nm light. The optical bandgap of these DPs was
found to drop from 3.56 eV in Nd: Cs,AgInCl, to 3.02 and 3.07 eV
in Bi/Nd:Cs,AgInCl, and Na/Bi/Nd:Cs,AgInCl; according to the
Tauc plots (Figure 2b). PL excitation (PLE) spectra by monitor-
ing STE emission and Nd** NIR emission (Figure 2¢,d) clearly
evidence the occurrence of excitation band at ~#370 nm and sig-
nificantly enhanced excitation intensity upon Na*/Bi** doping,
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which is consistent with the observed absorption (Figure 2a).
We detected PL decay curves of STE emission and Nd** *F,, —
*I; (J = 9/2, 13/2) transition (Figure 2e,f and Figure S6, Sup-
porting Information). Upon the doping of Na*/Bi** ions, the
decay lifetimes of STE transition at 610 nm and Nd** transi-
tion at 890 nm increase from 0.19 to 2.03 ps (for STE emission)
and 2.25 to 2.99 ms (for Nd** emission), respectively. The in-
crease in the decay lifetime indicates that the non-radiative de-
cay processes of both STE and Nd** NIR emissions are sup-
pressed after Na*/Bi** incorporation. Generally, the decay life-
time of STE emission exhibits a short lifetime on a microsecond
scale due to Jahn-Teller distortion-induced exciton recombina-
tion, while PL lifetime for Nd** emission was millisecond ow-
ing to typical parity-forbidden 4{-4f transition. To experimentally
evidence whether there is an energy transfer from STE to Nd**
dopants, time-resolved PL (TRPL) spectra were collected on the
Na/Bi/Nd:Cs,AgInCl,. TRPL spectra measured from 0 to 18.44
ps showed two kinds of emitting signals originating from STE
emission (Figure 2g) and Nd** emission (Figure 2h) centered
at 610 and 890 nm, respectively. With elongation of decay time,
STE emission gradually decreases while Nd** emission remains
unchanged (Figure S7, Supporting Information), suggesting no
energy transfer from STE to Nd** dopants. This conclusion is
further verified by that the decay lifetime for STE recombination
exhibits no marked variation after Nd** doping (Figures S8 and
S9, Supporting Information).
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Figure 2. a) Absorption spectra, b) Tauc plots, c,d) PLE spectra, and e,f) PL decay curves by monitoring STE (610 nm) and Nd3* (890 nm) emissions
for the Nd3* doped, Bi**/Nd3* co-doped, and Na*/Bi**/Nd3* tri-doped Cs,AgInClg samples. TRPL spectra of g) STE and h) Nd** emissions in the
Na*/Bi>*/Nd>** tri-doped Cs,AglInClg sample with delayed time from 0to 18.44 ps.

We further recorded temperature-dependent emission spec-
tra to clarify the photophysical mechanism of the Nd:Cs, AgInCl,
and Na/Bi/Nd:Cs,AgInCl,. PL intensities of both STE and Nd**
gradually decrease with elevation of temperature (Figure 3a,b)
and the decay lifetimes monotonously shorten (Figure S10, Sup-
porting Information). PL decays of STE in the temperature range
0f 20~320K remain on a ps scale (Figure S10a, Supporting Infor-
mation), which is different from the case of isolated Bi** emis-
sion with an obvious decrease of decay lifetime from millisec-
ond at 10 K to microsecond at 300 K owing to the occurrence
of 3P,—!S, forbidden transition at low temperature.[*! Impor-
tantly, Na/Bi/Nd:Cs,AgInCl, exhibits more stable luminescence
for both STE recombination (Figure 3c,d) and Nd** NIR tran-
sition (Figure 3e) relative to that of Nd:Cs,AgInCl; counterpart
with the increase of temperature and the PL quenching ten-
dency induced by temperature is significantly suppressed after
Na*/Bi** alloying. The exciton binding energy of the Nd**-doped
and Na*/Bi**/Nd** tri-doped samples was calculated by fitting
the Arrhenius equation."’]

I = — o)

1+Aexp<;—"}>
B

where I, kg, A, and E, represent the integrated PL intensity at
0 K, Boltzmann constant, fitting constant, and exciton binding
energy. The fitted results show that E, values are determined to
be 81.0 meV for the Nd** doped DP (Figure 3c) and 304.9 meV
for the Na* /Bi** /Nd** tri-doped DP (Figure 3d). The remarkable
increase of E, implies that Na*/Bi** co-alloying can effectively
reduce recombination loss and thermal quenching of both STE
and Nd** emissions (Table S5, Supporting Information).?") Fur-
thermore, the Huang—Rhys factor (S) is a dimensionless value
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that reflects the electron-phonon coupling strength, and S can
be determined by fitting temperature-sensitive full width at half-
maximum (FWHM) with the following equation.[?!]

hw onon
FWHM (T) = 2.36V/S 10,40,0,1 coth ZI:hT 2
B

where hw represents average phonon energy (effective vibra-
tional energy). The S and Aw were calculated to be 118.7 and 20.0
meV for the Nd:Cs,AgInCl; DP and 37.7 and 35.2 meV for the
Na/Bi/Nd: Cs,AgInCl; sample (Figure 3f), respectively. In addi-
tion, the Frohlich longitudinal optical phonon broadening model
is used to get information on electron—phonon interactions.[??]

[(T) =T, + o/ (emo/tsT — 1) G)

here, Iy, T';,, and nw,, are temperature-dependent broaden-
ing, exciton-optical phonon interaction, and optical phonon en-
ergy, respectively. The fitted results show that the values of ',
I, and nw,;, decrease from 558.0 to 473.8, 1088.0 to 112.5,
and 38.5 to 12.0 meV, respectively, after Na*/Bi** co-doping
(Figure S11 and Table S6, Supporting Information). Generally,
the stronger the electron-phonon coupling, the larger the lattice
relaxation (AR).[2°23] [t means that carriers in the excited state
can undergo non-radiative recombination back to the ground
state by thermally stimulated cross-over, reducing PL intensity.
In addition, assuming that the ground state and excited state
have similar phonon frequencies, the enhancement of effective
phonon frequency will narrow the shape of the excited state
curve and inhibit thermally induced cross-over quenching (Note
S1, Supporting Information).[2>24] All these results verify that
Na*/Bi** co-alloying can prevent the temperature quenching

© 2023 Wiley-VCH GmbH
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Figure 3. a,b) Temperature-dependent (~80 to 320 K) PL spectra of Nd** doped and Na*/Bi3* /Nd>?* tri-doped Cs,AgInClg DPs. The corresponding
c,d) integrated STE PL intensities, €) Nd** NIR PL intensities, and f) FWHMs versus temperatures.

of both STE and Nd** emissions caused by strong electron-
phonon coupling. Indeed, a less pronounced temperature broad-
ening of both STE and Nd** PL spectral profiles is evidenced for
the Na/Bi/Nd:Cs, AgInCl, owing to the reduced electron-phonon
coupling interaction (Figure S12, Supporting Information).
Furthermore, structural variations of Nd: Cs,AgInCl, after
Nat/Bi** alloying were explored via DFT calculations based on

a \/E X \/i x 2 supercell. The calculated electronic structures
and projected density of states (DOS) are shown in Figure S13,
Supporting Information. The valence band maximum (VBM) is
predominantly composed of the Cl-3p and Ag-4d orbitals, and
the conduction band minimum (CBM) is dominated by Cl-3p
and In-5s orbitals. It is found that both Na* and Bi** negligibly
contribute to the VBM and CBM. To further investigate the role
of dopants for the enhanced STE and Nd** NIR emissions on
an atomic scale, more charge-density and geometry optimization
calculations are implemented (Figure 4a—c). For Nd:Cs, AgInCl,,
the electrons are strongly confined in [InCl;]*~ octahedrons in
full real space, and the holes are localized around [AgCl(]°~ oc-
tahedrons, especially distributed in the surrounding Cl~ anions
(Figure 4a). The introduced [BiCl;]*~ octahedrons will further
aggravate the local distortion of [AgCl,>~ octahedrons and de-
crease the electronic dimensionality of DP (Figure 4b). Moreover,
the substitution of [AgCl,]°~ octahedrons by [NaCl;]>~ ones leads
to more obvious spatial confinement of STE state, where elec-
trons and holes are localized around the neighboring [InCl >~
and [AgCl]’~ octahedrons, respectively (Figure 4c). This cer-
tainly benefited the formation of the trapped excitons owing
to the enhanced overlapping between the electron and hole or-
bitals. We carried out fs-TA spectroscopic measurements on the
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Na/Bi/Nd:Cs,AgInCl, sample to confirm the formation of STEs
and explore the ultrafast kinetic processes. The contour plot of the
fs-TA spectra shows a positive photoinduced absorption (PIA) in
the detecting range from 430 to 700 nm (Figure 4d), indicating
the generation of STEs in the DP crystal.[?®! Furthermore, PIA
dynamic traces in the ~480 to 680 nm probing range exhibited
the same rising time of 550 fs (Figure 4e,f), being close to the
STE formation time reported previously.[>*2° PIA decay curve
at 580 nm and the corresponding biexponential fitting result are
shown in Figure 4g. There are two different decay components:
a fast decay with the fitted lifetime of 45.2 ps assigned to the
nonradiative deexcitation of STEs to the quenching sites such as
surface defects as well as lattice sites to produce phonons, and
a slow decay with the fitted lifetime of 1015.6 ps ascribed to the
radiative recombination of STEs to emit photons. Importantly,
the percentage of nonradiative deexcitation (2.18%) was much
lower than that of radiative transition (97.82%). These results un-
ambiguously demonstrate that highly efficient radiative recom-
bination process of STEs in the present Na*/Bi**/Nd>* tri-doped
Cs,AgInCl,.

The behaviors of lattice distortion in the DP sample after al-
loying were also investigated, as exhibited in Figure 5a. The in-
troduced Nd3*, Bi*, and Na* contents will exacerbate the sub-
lattice distortion of [AgCls]*~ and [NaCl;]>~ octahedrons, while
[InCl]*~, [BiCly*~, and [NdClg]*~ remain high local O, site
symmetry (Table S7, Supporting Information). In detail, Ag—
Cl bond length depends critically on the nearest neighboring
Bi**, which is much shorter (2.693 A) than the average Ag-Cl
(2.777 A) bond length. The lattice distortion of [AgCl;]°~ octahe-
dron will be further exacerbated when the STE state is formed.

© 2023 Wiley-VCH GmbH
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Figure 4. STE in a) Nd3* doped, b) Bi**/Nd3* co-doped, and c) Na*/Bi**/Nd3* tri-doped Cs,AgInCl; DPs. d) Contour plot of the fs-TA spectra of
Na*/ Bi**/Nd** tri-doped Cs,AgInCl¢ under 360 nm fs laser excitation. e) The rising curves of normalized PIA kinetic data in the probe region from
480 to 680 nm. f) TA spectra within the set delay time values from 0.5 to 500 ps and g) PIA decay curve at 580 nm.

Moreover, Nat doping will further reduce the local O, symme-
try of [AgCl]°~ octahedron (Table S7, Supporting Information),
which provides intuitive evidence of the breakdown of local site
symmetry in the Na/Bi/Nd:Cs,AgInCl; DP and promote the ab-
sorption/excitation of DP host and Nd** NIR-PLQY improve-
ment. Importantly, the influence of electron-phonon coupling in-
teraction is attenuated owing to the separation of the [AgCl,]>~
octahedrons by [NaCl,]>~ ones, which is consistent with the ex-
perimental data shown in Figure 3. To experimentally evidence
the variation of the local environment after Na*/Bi** doping,
Raman spectra were measured under 532 nm laser excitation
(Figure 5b). Raman spectrum of Nd:Cs,AgInCl; consists of three
Raman modes (A,,, E,, and T,,).?%**1 A,, and E, are assigned
to symmetric and asymmetrlc stretchlng v1brat10ns of [AgCl]>~
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and [InCl;]°~ octahedra, and T,, corresponds to the translation
motion of the Cs atom in the cuboctahedral cavity. With the ad-
dition of Na* and Bi** dopants, the intensities of A}, and E,
modes weaken owing to the decreased contents of [AgCl]>~ and
[InCl4]°~ octahedrons. Furthermore, the shifting of the Raman
signals after Na*/Bi** alloying confirms the occurrence of sub-
lattice distortion induced by the replacement of [InCl(]*~ and
[AgCl,]°~ octahedrons by [BiCl;]>~ and [NaCl;]~ ones (Figure 5c).

Accordingly, a possible photophysical mechanism that de-
scribes the simultaneous enhancement of STE broadband lumi-
nescence and Nd** NIR emissions in the Na/Bi/Nd:Cs,AgInCl,
DP is proposed. According to DFT calculations, both VBM and
CBM of Cs,AgInCl; locate at the I" point (Figure S13, Support-
ing Information). As schematically illustrated in Figure 5d, T's,,

© 2023 Wiley-VCH GmbH
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tri-doped Cs,AgInClg samples. c) Relative Raman peaks shift relative to the respective peak positions of Nd:Cs,AgInClg. d) Proposed photophysical pro-
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sensitization.

I',,,andI’,_are used to denote VBM, VBM-1, and VBM-2 states,
respectively, and I';, represents the first conduction-band state.
Evidently, I';, and I',, have the same parities as I, while I,
has the opposite parity relative to I';, .16 Therefore, it can be
concluded that VBM&VBM-1 to CBM transitions are forbidden
and VBM-2 to CBM transition is allowed. In this case, the de-
tected optical bandgap of 3.56 eV of the Nd:Cs,AgInCl; sample
is assigned to the parity-allowed VBM-2 to CBM transition. Gen-
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erally, there are two possible routes to transfer energy to Ln**
dopants in the DP samples: one is energy transfer from STE to
Ln** and the other is energy transfer from free exciton to Ln**.
The former will lead to the quenching of STE emission, while the
latter will not. In the present Nd**-doped case, both TRPL spectra
and decay curves of STE recombination (Figure 2g,h, and Figures
S7-S9, Supporting Information) exclude the possibility of energy
transfer from STE to Nd** dopants. PLE spectra by monitoring
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STE emission and Nd** NIR emission (Figure 2c,d) clearly evi-
dence the occurrence of energy transfer from free exciton to STE
and Nd** dopants. Therefore, the excitation of STE and Nd** is
mainly ascribed to energy transfer from the VBM to CBM tran-
sition, which explains the weak emissions of STE and Nd** due
to the parity-forbidden transition between VBM and CBM for the
Nd:Cs,AgInCl, sample. Bi** alloying breaks the parity-forbidden
transitions from VBM and VBM-1 to CBM. This leads to strong
absorption/excitation of VBM to CBM transition, and the formed
free excitons can be effectively transferred to both STE and Nd*+,
which can significantly enhance STE and Nd** NIR emissions.
Further incorporation of Na* ions plays the role of acting as a hin-
drance to separate the connections among [AgCl;]°~ octahedra
to localize STEs and weaken electron-phonon coupling interac-
tions. As a consequence, the exciton binding energy increases af-
ter Na* alloying, which is beneficial to reducing thermal quench-
ing of STE luminescence at room temperature and leading to
more excitons in the self-trapped state shown in Figure 5d. In
addition, the weakening electron-phonon coupling results in re-
ducing the AR and inhibits the thermally induced crossover be-
tween the excited state and ground state in the configurational
coordinate diagram, leading to efficient luminescence at room
temperature. Finally, Na* doping can further distort [AgCl >~
octahedrons and break parity-forbidden transitions from VBM
and VBM-1 to CBM. This leads to the formation of more FEs via
strong UV light excitation, which can be efficiently transferred
to both STE and Nd** and lead to simultaneous enhancement of
STE broadband luminescence and Nd** NIR emissions.

Furthermore, we evaluated  the stability of
Na/Bi/Nd:Cs,AgInCl; DP. As shown in Figure Sl14a, Sup-
porting Information, the thermogravimetric (TG) curve shows
that the Nd:Cs,AgInCl, sample tends to be stable below
464 °C, and a further increase in temperature leads to gradual
thermal decomposition of DP. Importantly, incorporation of
Nat/Bi** increases thermal decomposition temperature up to
549 °C (Figure S14a, Supporting Information), and NIR PL
intensity remains unchanged relative to the initial one after
cooling/heating (320-140-320 K) (Figure S14b, Supporting
Information), indicating that Na*/Bi** co-alloying is beneficial
to improvement of structural stability of the Nd:Cs,AgInCl; DP.
Moreover, after exposure to ambient air for 180 days, no obvious
change in structure and PL spectra is detected (Figure S14c,d,
Supporting Information), confirming superior environmental
stability of the present Na/Bi/Nd:Cs,AgInCl; material.

The Na/Bi/Nd:Cs,AgInCl; DP exhibits superior stability, high
PLQY, and yellow STE emission and multi-wavelength Nd** NIR
emissions under UV light excitation, making its promise for
the usage as vis—NIR dual-emitters in diverse advanced fields.
We prepared the phosphor-converted LED (pc-LED) by coupling
the as-prepared DPs-polydimethylsiloxane (DPs@PDMS) film
(Figure S15a,b, Supporting Information) with a commercial UV
chip. The PL intensity of the constructed pc-LED (100 mW) af-
ter continuous operation for 48 h shows only slight PL thermal
quenching (Figure S15c¢, Supporting Information). The pc-LED
produces bright yellow light to the naked eye and intense NIR
light detectable by a NIR camera (Figure S16a, Supporting In-
formation). To demonstrate the penetration of pc-LED in tissues,
we took three different tissue sections from the same piece of
pork, each ~3 mm thick. The remained intensities after penetrat-
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ing lean flesh, fat-meat, and skin were 36.3%, 43.8%, and 15.3%,
respectively (Figure S16b, Supporting Information). The resid-
ual intensity could reach 2.5% after stacking the three tissues to-
gether. Figure S17, Supporting Information shows the remain-
ing emitting intensities after passing through the corresponding
tissues recorded by the visible camera and NIR camera, respec-
tively. It indicates that we can discern different biological tissues
based on the ratio of residual intensity to the initial one after pen-
etration. In addition, benefiting from the intense NIR emitting
feature of the present pc-LED, it is demonstrated that NIR light
can penetrate plastic containers but is absorbed by the cleaning
agent in the container (Figure S16¢-i,ii, Supporting Information)
and can also be used to distinguish and identify different lig-
uids, such as water and cola (Figure S16c iii-v, Supporting In-
formation). The NIR light can pass through water but is com-
pletely absorbed by cola. Figure S16d, Supporting Information
shows photographs of succulents and fruits recorded by visible
and NIR cameras. No signal can be detected when the pc-LED
is off. When the pc-LED is lightened, the colorful and black and
white photographs were recorded by visible and NIR cameras, re-
spectively. These phenomena confirm that pc-LED device based
on Na/Bi/Nd:Cs,AgInCl; DP material has great potential in ap-
plications such as spectral analysis, imaging, and night vision.

3. Conclusion

In summary, we have developed a new type of visible-NIR phos-
phors based on the efficient sensitization of both STE and Nd**
via free excitons in the Na*/Bi** co-alloyed Nd:Cs,AgInCl, DPs.
By virtue of Na*/Bi** doping, both bright broadband lumines-
cence originating from STE recombination and intense NIR
emissions ascribing to the 4f-4f transitions of Nd** were realized,
with NIR PLQY up to 30.3%. The underlying PL process and en-
ergy transfer mechanism were comprehensively studied through
optical spectroscopy and DFT calculations, which verified that
the significantly improved STE and Nd3** emissions mainly ben-
efited from the synergistic effect of Na*/Bi**-induced modifica-
tion of local site symmetry, breakdown of parity-forbidden ab-
sorption, and reduction of electron-phonon coupling. In addi-
tion, the Na*/Bi**/Nd>** tri-doped Cs,AgInCl; DP exhibited su-
perior environmental stability and can be used to construct pc-
LED, showing practical applications in spectral analysis, imag-
ing, and night vision. These findings provide fundamental in-
sights into the design of efficient Ln**-doped DPs covering both
visible and NIR spectral ranges for versatile optoelectronic appli-
cations.

Supporting Information

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