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Broadband near infrared (NIR) emission materials are of interest for various applications including non-
destructive biomedical imaging. In this work, ytterbium ions (Yb®*) were successfully doped into
Cs»AgInCle:Cr** (CAIC:Cr*) double perovskite single crystals (DPSCs) by a facile hydrothermal method.
Under 365 nm excitation, the co-doped CAIC:Cr®*,Yb** DPSCs showed broad NIR emission ranging from
800 to 1400 nm, which spanned the NIR-I (700-900 nm) and NIR-II (1000-1700 nm) bio-windows, with
an emission band at 1000 nm and a full-width at half maximum (FWHM) of 188 nm. It is found that Yb>*
ion doping could effectively improve the photoluminescence (PL) performance of CAIC:Cr®* DPSCs.
Compared to the photoluminescence quantum yield (PLQY) of 22.5% for the single doped CAIC:Cr**, the
co-doped CAIC:Cr**,Yb** DPSCs show a higher PLQY of ~45%, which is attributed to the synergistic
effect of reduced non-radiative recombination due to defect passivation and increase in crystallinity, and
energy transfer (ET) of self-trapped excitons (STEs) to Cr¥*. As a demonstration of applications, NIR pc-
LEDs were fabricated by combining the as-synthesized NIR-emitting phosphor CAIC:Cr**,Yb®* with
InGaN UV chips (dem = 365 nm) and used to image veins in a palm and for night vision using a NIR
camera. The results suggest that the synthesized CAIC:Cr**,Yb>" DPSCs have great potential in biological
applications.
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1. Introduction

High efficiency broadband near infrared (NIR) light emitters
are of strong interest for applications such as night vision and
biomedical imaging due to the deep penetration of biological
tissues and low damage to the human body."? Lead halide per-
ovskites (APbX;, A = Cs, CH3NH;3;, X = Cl, Br, I) have demon-
strated promising applications in solar cells, photodetectors,
light emitting diodes (LEDs), and other optoelectronic appli-
cations due to their superior photoelectric properties.’
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XRD patterns of CAIC:x%Cr (x = 0, 10, 20, 30, 40, 50) DPSCs; XRD patterns of
CAIC:30%Cr,y%Yb (y = 0, 1, 2, 3) DPSCs; SEM image and EDS spectra of
CAIC:30%Cr with the corresponding atomic maps; PLE spectra of CAIC:30%
Cr¥' y%Yb®* (y = 0, 1, 2, 3); PL spectra of CAIC:30%Cr**,y%Yb*" (y = 0, 1, 2, 3).
The incorporated samples were tested at A, = 365 nm; excitation-wavelength-
dependent (320-600 nm) PL spectra of CAIC:30%Cr**,3%Yb*"; PL spectra of
CAIC:30%Cr**,3%Yb*" and CAIC:Yb**. The emission spectrum of CAIC:Yb®* in
the figure is magnified tenfold; PL curves measured from CAIC:Cr** and CAIC:
Ln** samples; TRPL decay curves of CAIC:Cr** doped with or without Ln*" ions;
details of X-ray crystallographic parameters of single crystals; details of atom
occupation situation of Cs,AgIn, ,Cr, ;Cls single crystals; Cr** and Yb®" content
from starting materials and measured by ICP. See DOI: https://doi.org/10.1039/
d2qi01104b
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However, they face obstacles for commercialization due to the
toxicity of lead (Pb) and low stability against humidity, oxygen
and light.*® For this reason, low toxicity and high stability
lead-free perovskite materials have attracted substantial atten-
tion.” One strategy is to replace every two Pb toxicity cations
with one monovalent cation and one trivalent cation, forming
double perovskites (DPs) with the general formula A,B(1)B(u1)
X5 Cs,AgInClg as one of the direct bandgap DPs with an
optical bandgap (Eg opr) of ~3.3 €V has attracted much atten-
tion recently. Pure and modified Cs,AgInCls with excellent
moisture, light and heat stability offers a promising alternative
to Pb-based halide perovskites. Previous research on the

Inorg. Chem. Front,, 2022, 9, 4695-4704 | 4695


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-0581-034X
http://orcid.org/0000-0002-5190-1250
http://orcid.org/0000-0003-3437-912X
https://doi.org/10.1039/d2qi01104b
https://doi.org/10.1039/d2qi01104b
https://doi.org/10.1039/d2qi01104b
https://doi.org/10.1039/d2qi01104b
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI009018

Published on 15 July 2022. Downloaded by University of California - Santa Cruz on 4/17/2023 1:33:55 AM.

Research Article

luminescence of DPs has mainly focused on visible light emis-
sion. Mahor et al. first obtained a NIR phosphor via doping
Yb*" ions into Cs,AgInCls. Nag et al. reported the Cs,AgInCl,
system co-doped with Bi and Er. Under 370 nm excitation, the
emission intensity of the co-doped sample at 1540 nm was 45
times higher than that of the Er** doped sample.">'” However,
all these research studies focus on narrowband NIR emission
and the PLQY still needs improvement. Therefore, exploring
suitable strategies for broadband NIR emission and enhancing
the PLQY is urgently needed.

Recently, there has been growing interest in novel phos-
phors doped with transition metal ions or trivalent lanthanide
(Ln**) ions.® For instance, the luminescence properties of the
T, and *E energy levels in Cr’* are completely different since
the emission spectrum of Cr*" in the six-coordinated sites is
determined by the crystal field strength that is sensitive to the
local coordination environment.'® Cr** can produce broad-
band NIR emission in the range of 650-1350 nm when located
in a weak octahedral coordination crystal field making it the
first choice for broadband NIR luminescence activators.>>°>
Lanthanide (Ln) group metal cations have been found to boost
the photovoltaic performance of perovskite solar cells by passi-
vating uncoordinated halide ions and improving the
stability.”* > In particular, Yb*" ions can emit at around
900-1000 nm and are considered as ideal spectral converters.
Inspired by the possible energy transfer between Cr’" and Yb**
ions, as well as the close effective ionic radius of Yb*" (0.87 A
when CN = 6) to In** (0.80 A when CN = 6), Cr*" and Yb®*" co-
doped phosphors were developed to further improve their
application potential.® Therefore, introducing Cr** and Yb**
into Cs,AgInCls is a promising approach to develop new NIR
emitting phosphors with the characteristics of broad emission
and a high PLQY.

In this work, we have synthesized an efficient Cr** and Yb**
co-doped CAIC DPSC NIR-emitting phosphor by a facile hydro-
thermal method. The crystal structures of CAIC, CAIC:Cr*" and
CAIC:Cr*",Yb®" DPSCs were determined by X-ray diffraction
(XRD) while the morphology was characterized by scanning
electron microscopy (SEM). X-ray photoelectron spectroscopy
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(XPS) was conducted to further characterize the electronic and
crystal structures. Optical studies revealed that CAIC:Cr**,Yb**
DPSCs show broadband NIR emission (4pma.x = 1000 nm,
FWHM = 188 nm) and a high PLQY (~45%) with 365 nm exci-
tation. The enhancement mechanism has also been discussed.
Furthermore, we combined the DPSCs with a 365 nm LED
chip to prepare a pc-LED and demonstrated applications in
vein imaging and night vision.

2. Results and discussion

The structures of the CAIC:Cr** DPSCs were determined using
SHELXT and OLEX2. The corresponding crystallographic para-
meters are given in Tables S1-S4 in the ESL{ The CAIC:Cr**
DPSCs were found to have the traditional perovskite structure
with the Fm3m space group where the [AgCl]’~ and [InClg]*/
[CrCl]*~ octahedra shared the halide atoms at the corner to
form a 3D structure. By introducing Cr*" into the pristine
Cs,AgInCl, perovskite single crystal structure, the lattice para-
meter and cell volume were reduced from the original magni-
tude due to the relatively smaller ionic radius of Cr*", validat-
ing that Cr** ions successfully entered the lattice to partially
replace In** ions.”” Fig. S11 shows the SEM images of CAIC,
CAIC:30%Cr*" and CAIC:30%Cr**,3%Yb*>" DPSCs, respectively.
As seen from the SEM images, all of them have an octahedral
shape with average sizes of 500 pm. X-ray diffraction (XRD) of
CAIC:Cr** and CAIC:Cr**,Yb*" DPSCs was also measured, and
the results are shown in Fig. 1b. The cubic phase was observed
for all the DPSC samples, with no noticeable impurity being
detected. The introduction of Cr** and Yb*" has no effect on
the structure of CAIC. Compared with the XRD results of CAIC:
Cr*, the intensity of the diffraction peaks for the 220 crystal
plane increases significantly after introducing Yb*', indicating
greatly improved crystallinity of the DPSCs. Notably, the XRD
diffraction peaks for the (220) crystal plane were shifted mono-
tonically to a larger angle with the increase of the Cr*" concen-
tration due to substituting smaller Cr*" ions for the larger In**
ions. The XRD patterns of the samples with different amounts
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Fig. 1 (a) Schematic illustration of the crystal structure of Cr**,Yb** doped CAIC DPSCs. (b) XRD patterns of Cr**,Yb*>* doped CAIC DPSCs and (220)

local enlarged view of the crystal plane.
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of Cr** and Yb®" are shown in Fig. S2 and S3.7 The diffraction
peak of the (220) crystal plane of CAIC:Cr**,Yb®" shifted to a
smaller angle compared to that of CAIC:Cr*" due to the larger
ionic radius of Yb** than that of In** causing lattice expansion.

EDS spectra were measured to determine the elemental
composition of CAIC:30%Cr*". Fig. S4(a-f)} show the EDS
images of CAIC:Cr** DPSCs. Elements of Cs, In, Ag, Cl and Cr
are found in the EDS spectrum and evenly distributed in the
whole DPSCs. The actual doping content of Cr*" and Yb*" was
determined using ICP-OES and ICP-MS, with the results given
in Table S5, which is lower than the initial content intro-
duced in the synthesis. In the following, we use the feed molar
ratio for discussion.

The elemental composition and electronic properties of
CAIC:Cr*",Yb*" were further characterized using XPS, and the
results confirm the existence of all the elements in CAIC:Cr*",
Yb*" (Fig. 2a-f). In the high-resolution Cr 2p spectrum
(Fig. 2e), the peaks of 587.1 and 576.9 eV can be assigned to Cr
2p1» and Cr 2p;,,, and no peaks associated with Cr*" were
found, supporting that Cr remains in the +3 valence state.”® A
peak at 572.4 eV is assigned to Ag 3p;/,. The binding energy of
Cr 2p is consistent with the binding energy of octahedral Cr**
ions reported in earlier studies.””** In addition, the peaks of
In 3d and CI 2p all shifted toward a lower binding energy due
to Yb*" incorporation, which is attributed to the smaller
electronegativity of Yb than that of In, leading to stronger Yb-
Cl bonding.*®

The diffuse reflectance spectra (DRS) of the samples are
shown in Fig. 3a. CAIC:Cr*" shows three broad absorption
bands with maxima at around 365 nm, 550 nm and 830 nm.
The main 365 nm band is attributed to the electronic tran-
sition from the valence band to the conduction band of the
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CAIC host. After calculating and extrapolating using a linear
function to the photon energy axis, the bandgap of pristine
CAIC was estimated to be about 3.2 eV, as shown in the inset
of Fig. 3a, which is consistent with a previous report.>! The
absorption bands at 550 nm and 830 nm can be ascribed to
Cr’" d-d transitions of *A, — *T; and “A, — *T,. The DRS spec-
trum of CAIC:Cr** and CAIC:Cr**,Yb*" shows similar absorp-
tion positions. Fig. S5 shows the PL excitation spectra (PLE)
of CAIC:Cr*" and CAIC:Cr**,Yb*" with an emission wavelength
of 1000 nm being monitored. The PLE spectra agree with the
DRS spectrum. Besides, the PLE spectra of the Yb-doped
sample exhibit identical spectral shapes, indicating that the
emission originates from the same transition. The three PLE
bands at 365, 550, and 830 nm can be assigned as in the DRS.
The PL spectra of CAIC:Cr**,Yb** DPSCs with 365 nm exci-
tation are shown in Fig. 3b. CAIC:30%Cr>* DPSCs have a
broadband emission in the range of 800 to 1400 nm with the
maxima at 1000 nm and FWHM = 180 nm, which is ascribed
to the *T,—*A, transition of Cr**. The addition of Yb** did not
change the position of the emission band but increased its
intensity and FWHM to 188 nm. This broad emission bands
covered the NIR-I (700-900 nm) and NIR-II (1000-1700 nm) bio-
windows, which are broader than those of many recently
reported NIR phosphors, such as LaMgGa;0;:Cr’" (138 nm)*?
and MgTa,04:Cr*" (140 nm).*® The increased PL intensity indi-
cated suppressed non-radiative recombination by Yb** doped
CAIC:Cr*". The PLQY of the best sample is about 45% (Fig. S67)
which is much higher than those of Cs,NaInClg:Cr** (PLQY =
19.7%) and Cs,AgInCls:Yb** (PLQY = 0.2%)."*** The PL spectra
of Yb-doping CAIC:Cr*" with different Yb®" concentrations, as
shown in Fig. S7,f exhibited a blue-shift for CAIC:Cr**,Yb**
DPSCs compared with the CAIC:Cr** DPSCs, which is attributed
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Fig. 2 X-ray photoelectron spectroscopy (XPS) core level spectra of (a) Cs 3d, (b) Ag 3d, (c) In 3d, (d) Cl 2p, (e) Cr 2p, and (f) Yb 4d.
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Fig. 3 (a) DRS of CAIC:Cr**,Yb®*. The inset shows the DR spectrum of the CAIC DPSC host with [F(R) x hvi? as a function of photon energy, for
determining the band gap energy. (b) PL spectra of CAIC:Cr®*,Yb®* DPSCs. (c) Tanabe—Sugano energy level diagram of Cr** in an octahedral crystal
field. (d) Configurational coordinate diagram of Cr®* in a weak crystal field.

to the passivation of shallow trap states in CAIC:Cr**,Yb** DPSCs
as discussed in more detail later.>*

The PL spectra with different excitation wavelengths shown
in Fig. S8t vary in intensity but maintain the same shape with
the excitation wavelength changing from 320 to 600 nm, indi-
cating that the NIR emission originates from the same tran-
sition. In addition, we used the same method to synthesize
CAIC:Yb?', with its PL spectrum shown in Fig. $9.F The emis-
sion band of CAIC:Yb*" has the same position as that of CAIC:
Cr’", but has a different emission origin. The emission of
CAIC:Cr*" can be ascribed to Cr’* d-d transitions and the
emission of CAIC:Yb*' can be attributed to the *Fs,, — °F),
transition of Yb*" f electrons and thus exhibits a narrower
FWHM and lower PLQY."®

Upon introducing Cr’" to Cs,AgInCls, the Cr’* ions (r =
0.62 A, CN = 6) were proposed to substitute In*" ions (r = 0.8 A,
CN = 6) due to their similar ionic radius and same oxidation
state, forming the [CrClg]>~ octahedron.’”*® Because of the
symmetry decrease of the potential octahedron field, the 3d
orbital of the Cr** ion degraded to the double degenerated
dye_y» and d. (eg) states and the triple degenerated d,, d,
and d,, (t,,) states. This process can be explained by the
Tanabe-Sagano diagram (Fig. 3c).** The emission of Cr** ions
is strongly dependent on the crystal field environment of the
lattice. In the case of a strong crystal field, the transition from

4698 | Inorg. Chem. Front, 2022, 9, 4695-4704

the *E to “A, energy level is spin-forbidden, resulting in nar-
rowband red light from the ’E energy level (marked as an
R-line in Fig. 3d). In a weak crystal field, the “T, energy level
transitions to the ground state are allowed, resulting in broad-
band NIR light from the *T, energy level. According to energy
level splitting, the crystal field strength is defined by relative
positions of the “T, and ’E energy levels.”” The following
equations can be used to obtain Dq/B:

Dq = E(*A, — 1T,)/10 (1)
AE
15(=——38
Dgq (Dq )

B = 2 (2)
(AE/Dq)” —10(AE/Dq)

where E(*A, — *T,) is the energy difference between *T, and
A, energy levels (in ecm™) and AE is the energy difference
between E (*A, — *Ty) and E (*A, — *T,) transitions. Dq is
called the crystal field splitting parameter, and B is the Racah
parameter. Using the data in Fig. 3a, the values of Dq/B are
2.20 and 2.25 (Fig. 3c) in CAIC:Cr**,Yb®* DPSCs and in CAIC:
Cr’", respectively. When the Dq/B value was larger than 2.3,
Cr’* ions were in a strong crystal field. When the Dq/B value
was smaller than 2.3, Cr** ions were in a weak crystal field."!
This indicates that the Cr** ions are in a weak crystal field in
the CAIC:Cr’*,Yb** host. As shown in Fig. 3c, the energy separ-

This journal is © the Partner Organisations 2022
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ation between energy levels T, and “A, is narrow. Therefore,
CAIC:Cr*",Yb*" exhibits broadband NIR emission (800 to
1400 nm), and the emission band is centered at a much longer
wavelength (1000 nm) than those of other Cr**-doped NIR
phosphors such as BaMgAl;(0;,:Cr*" (762 nm)** and
LiScP,0,:0.06Cr** (880 nm).**

To gain deeper insight into the PL mechanism of the Yb**-
doped CAIC:Cr** DPSCs, we measured the time-resolved PL
(TRPL) decay profiles, as shown in Fig. 4a. The TRPL of CAIC:
Cr**,Yb*" was collected with excitation at 365 nm and emission
monitored at 1000 nm. All of the decay curves were fit by a
single exponential function, with the time being constant at
the microsecond time scale, which was consistent with a pre-
vious report.”> This also indicated that the emission was
mainly from the transition of *T, to *A, of Cr**. We can use
eqn (3) and (4) to calculate radiative (z,) and non-radiative (zy,)
components of the observed PL lifetime (zops).

PLQY = % (3)
Tr
101 1
-1 L (@

Tobs Tr Tnr

The calculated values for 7z, and 7, are summarized in
Table 1. Both radiative and non-radiative lifetimes increase sig-
nificantly with Yb®* doping. This indicates that Yb** doping
affects both the radiative and non-radiative pathways. The
effect on radiative pathways suggests electronic interaction
between Cr** and Yb** ions. The longer non-radiative lifetime
may be attributed to the lower density of trap states upon Yb**
co-doping that has some passivation effect on defects.**

Ln®* doping has been suggested to passivate anion defects
due to strong Ln-X bonding that reduces the formation of
defects and increases the exciton lifetime of perovskites.*®*®
The PL spectra and TRPL profiles of CAIC:Cr*",Er** and CAIC:
Cr**,Ho®" DPSCs were measured and are shown in Fig. S10
and S11.1 Doping Ho*" or Er*" to CAIC:Cr*" DPSCs also leads
to an enhanced PL intensity and longer observed PL lifetime
(15.30 ps and 20.48 ps). Compared to Ho** and Er**, Yb** with
a relatively smaller electronegativity and ionic radius has a
stronger effect on the PL properties. The smaller electro-
negativity and ionic radius Yb** are expected to lead to stron-
ger Yb-Cl bonding,*® which is supported by XPS results. The
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Table 1 Calculated radiative and nonradiative lifetimes for CAIC:30%
Cr®* and CAIC:30%Cr**,3%Yb**

Sample Tobs (1S) 7 (ps) Tor (1S) PLQY
CAIC:30%Cr>" 10.81 48.0 14.0 22.5%
CAIC:30%Cr**,3%Yb*" 32.03 71.1 58.5 45%

strong interaction between Yb*" and Cl~ can improve the crys-
tallinity and reduce the surface energy of crystal growth; CI™
anions would firstly interact with Yb** which would lead the
Yb*" absorbed on the colloidal cluster to form large grains to
improve the crystallinity and reduce the formation of
defects.?*® The origin for PL enhancement in CAIC:Cr**,Yb**
DPSCs is attributed to structural modification upon Yb**
doping, as shown in Fig. 4b. The pristine perovskite structure
possesses more Cl vacancies (V¢;) and Insg vacancies (rep-
resented by black spheres).*” The ionic radius of the Yb** ion
is closer to that of the In®*' ion than that of Cr**; thus the
addition of the Yb*" ion alleviates the distorted [InClg]*~ octa-
hedra caused by the addition of the Cr** ion and the introduc-
tion of Yb*" can reduce the surface energy to influence the
growth of crystals. As a result, the PL intensity of the NIR-II
emission was enhanced by doping with Yb*".

To determine the role of Yb*" incorporation in boosting the
Cr’* emission, we measured the PL spectra of CAIC, CAIC:Cr*",
CAIC:Yb**, and CAIC:Cr**,Yb*" samples in the 450-800 nm
region, as shown in Fig. S12a, in which the host emission
intensity was improved with Yb** doping. Fig. S12bt shows the
spectral overlap between the PLE band of CAIC:Cr*" monitored
at 1000 nm and the PL spectrum of CAIC:Yb*' excited at
365 nm. We suggest that there is energy transfer (ET) from the
STEs to Cr’" in the co-doped CAIC. Moreover, the incorpor-
ation of the Yb®" ions can induce an elongation of the bond
lengths of the [CrClg]>~ octahedra associated, and thus a
decrease of the energy gap between the ?E(g) and “T,(g) states
of Cr**, which triggers the occurrence of the structural confine-
ment effect and promoted the ET of STEs to Cr**.*®*° Overall,
as shown in Fig. S13,1 we attribute the enhancement of PL to
the synergistic effect of reduced non-radiative recombination
due to defect passivation and energy transfer from STEs to Cr*",

To further understand the effect of Yb*" ion doping on the
thermal stability of the samples, the PL spectra of CAIC:Cr**

Fig. 4 (a) Time-resolved PL decay profiles of CAIC:Cr**, and CAIC:Cr3*,Yb>*. (b) Schematic illustration of the structure of CAIC:Cr** DPSCs with

defects and CAIC:Cr3*,Yb** with structural modification.
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Fig. 5 Temperature-dependent PL spectra of (a) CAIC:Cr®* excited at 365 nm and (b) CAIC:Cr3*,Yb®* excited at 365 nm. (c) The dependence of the
PL intensity of CAIC:Cr®* and CAIC:Cr3*,Yb®* on temperature. (d) The fitting results of FWHM? as a function of 2kT.

and CAIC:Cr’*,Yb®>" DPSCs at different temperatures were
measured, as shown in Fig. 5a and b. Fig. S13} illustrates the
photophysical process in Cr**-incorporated CAIC DPSCs. With
photoexcitation at 365 nm, the electrons are excited from the
valence band (VB) to the conduction band (CB) of the CAIC
DPSC host. The energy from the host can be transferred to the
4T, state of Cr’* ions which then results in the *T,-*A, tran-
sition. The energy of the host can also be transferred to the
self-trapped exciton (STE) state, resulting in a broad emission
(process 1),>* or to the Cr’* ion (process 2) that leads to the
“T,~"A, transition. Fig. S14f shows the PL spectra in the
visible region of the CAIC:30%Cr*" sample at 80 K and 200 K,
which originates from process 1 as shown in Fig. S13.f The
emission of STEs was observed at low temperature and
quenched at above 200 K. From 80 K to 200 K, the PL in the
visible region decreased with increasing temperature due to
the electron-phonon coupling thermal; at the same time, the
NIR emission increased due to much energy transfer from the
STEs to Cr**, which is similar to previous reports.’*™>* With
further increase in the temperature, the emission was
decreased, attributed to the increase of non-radiative tran-
sition processes mediated by phonons. At 350 K, CAIC:Cr**
and CAIC:Cr’",Yb®" DPSCs retained 15.47% and 49.61% of
their original intensities at 80 K, indicating that the thermal
stability of the material was improved with the addition of
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Yb** (Fig. 5¢). This may be related to the difference in the elec-
tron-phonon coupling between CAIC:Cr*" and CAIC:Cr’",Yb*".
Generally, we can use eqn (5) to calculate the coupling effect
between electrons and phonons by fitting the FWHM of the PL
spectrum with temperatures.>”

hw
FWHM = 2.36/Sho, | coth (ﬁ) (5)

where ho stands for the phonon frequency, T is the Kelvin
temperature, S means the Huang-Rhys parameter and &k

. ho
means the Boltzmann constant. When regrading T 35

ef+e* hw

. . . _ _3

coth(x) is equivalent to prampet Owing to kT 1077, eqn (5)

can be simplified as eqn (6).
2 2 1
FWHM? = 5.57 x § % (ho)* | 1+ (6)
2kT

Eqn (6) can be written as:

FWHM? = A x 2kT + B (7)

where A = 5.57 x § X hw and B = 5.57 x S x (hw)*. The fitting
results are shown in Fig. 5d. The Ao and S for CAIC:Cr*" are
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0.0305 eV and 3.16, and those for CAIC:Cr**,Yb*" are 0.0296 eV
and 3.01, revealing a strong electron-phonon coupling effect
in CAIC:30%Cr’". A smaller S value suggests that the electron-
phonon coupling effect in CAIC:Cr**,Yb*" is weaker than that
in CAIC:Cr**. Therefore, the thermal stability of CAIC:Cr**,Yb>*
is stronger than that of CAIC:Cr*". Furthermore, we calculated
the exciton binding energy of CAIC:30%Cr*" and CAIC:30%
Cr’",3%Yb*" using temperature-dependent PL spectra (Fig. 5a
and b), from which the corresponding exciton binding energy
(Ep) is derived as 215 meV and 242 meV (Fig. S151) according
to eqn (8).

I(T) = b (8)

1+ 2e(- %)

Combined with the calculated optical phonon energy ana-
lysis, we suggest that the CAIC:30%Cr*",3%Yb?" DPSC samples
have a higher exciton binding energy and relatively lower
phonon disturbance, indicating suppressed non-radiative
relaxation.*>>® Therefore, doping Yb®* could effectively sup-
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press the strong exciton-phonon interaction and improve the
radiative transition probability and PLQY. This facilitates the
application of crystals for near-infrared light emission and
light-emitting devices. In addition, the NIR emission band
center position shifted from 964 to 1000 nm as the tempera-
ture increased from 80 to 380 K, which can be explained by the
change in the crystal field strength. As the temperature
increased, the lattice vibration increased and the lattice
expanded, which ultimately weakened the crystal field.
According to the Tanabe-Sugano energy level diagram of Cr**
(Fig. 3c), a weakening of the crystal field will result in a red-
shift of the emission spectrum.””

As a demonstration of potential applications, the CAIC:
Cr’*,Yb®* DPSCs were applied with the InGaN chip (e =
365 nm) to prepare NIR pc-LED samples. Fig. 6a shows the
driving current dependent electroluminescence (EL) spectra of
the pc-LED device. The NIR EL intensity increased with
increasing current. Besides, Fig. 6b shows a NIR output of
18.0 mW®@190 mA, and the conversion efficiency reached
9.45% @10 mA. We used the prepared pc-LED to test muscle
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Fig. 6 (a) Driven current dependent emission spectra of the fabricated NIR pc-LED. (b) Conversion photoelectric efficiency and NIR output power
of the pc-LED. (c) Photograph of the transmission photographs of a 2.5 cm chicken breast (i) and the veins in the palm (ii) taken with a NIR camera.
(iii—v) A photo of an orange taken with natural light on (iii) and off (iv) captured with a visible camera and NIR pc-LED light using a NIR camera (v).
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tissue transmission, human vein imaging, and night vision
ability, as shown in Fig. 6c. The results showed that the inten-
sity of NIR radiation is sufficient to penetrate a 2.5 cm chicken
breast (Fig. 6ci), and the vein distribution of the palm can be
clearly observed (Fig. 6cii). In addition, a photo of an orange
was taken with a visible light camera under light (Fig. 6ciii)
and in the dark (Fig. 6civ). When the NIR-LED was turned on,
the orange could be observed using the NIR camera (Fig. 6¢v).
These results suggest that CAIC:Cr**,Yb** is promising for
human vein imaging and night vision.

3. Conclusion

In conclusion, we synthesized broadband NIR co-doped CAIC:
Cr*,Yb®* DPSCs by a facile hydrothermal method. Under
365 nm excitation, the as-prepared co-doped CAIC:Cr**,Yb®*
DPSCs show a broadband NIR emission at 1000 nm with a full-
width at half maximum (FWHM) of 188 nm and a PLQY of
~45%. The enhanced PLQY is attributed to the synergistic
effect of reduced non-radiative recombination due to defect
passivation and increase in crystallinity, and energy transfer
(ET) of STEs to Cr’*. With the aid of a NIR camera, a pc-LED
was fabricated and used as a light source to capture clear
images of veins in the palm. Furthermore, the feasibility of a
pc-LED for night vision applications was successfully demon-
strated. This study suggests that the synthesized CAIC:Cr*",
Yb®>* DPSCs are promising for biomedical imaging
applications.
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