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Doped Lead Halide White Phosphors for Very High Efficiency and

Ultra High Color Rendering

Hailong Yuani® P!, Florian Massuyeau™™, Nicolas Gautier®, Antoine Blaise Kamal®!, Eric Faulques®, Fei
Chent, Qiang Shen®, Lianmeng Zhang'®!, Michael Paris®® and Romain Gautier*[!

Abstract: Lighting with ultra-high color rendering is recently drawing
more attention for applications such as jewellery, photography,
museum and surgery but also in daily use as the intense blue
emission from the commercial white LEDs was found responsible of
negative effects on the body’s circadian clock. Near-UV-pumped
white light-emitting diodes with ultra-high color rendering and
reduced blue light emission would be a solution to this issue.
However, discovering a single-phase white light emitter with such
characteristics remains challenging. Herein, we demonstrate that Mn
doping as low as 0.027% in the hybrid post-perovskite type
(TDMP)PbBr4 enables to achieve a bright pure white emission
replicating the spectrum of the Sun’rays. Thus, a white phosphor
exhibiting an emission with CIE coordinates (0.330, 0.365), a high
photoluminescence quantum yield of 60% (new record for white light
emission of hybrid lead halides), and an ultra-high color rendering
index (CRI = 96, R9 = 91.8), corresponding to the record value for a
single phase emitter was obtained. The investigation of the
photoluminescence properties revealed how free excitons, self-
trapped excitons and low amount of Mn dopants are coupled to give
rise to such pure white emission.

Introduction

White light-emitting diodes (WLEDs), which are regarded as
the next-generation lighting sources, have been commonly used
in diverse applications such as daily lighting, computers and
mobile phones. '-*l Nowadays, a blue chip (InGaN) coated with
yellow phosphors (YAG: Ce®) is widely used to produce the
commercial wLEDs.“5! However, such design has a drawback:
the emission of blue light originating from the blue chip is much
more intense than the one of yellow light originating from
phosphors.®71 Artificial blue-rich white light has been reported to
have negative effects on sleep-wake cycles, eating patterns,
metabolism, and mental alertness as the photo-sensitive
ganglion cells in the retina signal the brain to stop producing
melatonin.®-'% Hence, the blue light emission for LEDs lighting
technology is becoming an important concern for public health.

Filtering out the excess of blue light without influencing the
output white light quality is complex for wLEDS based on blue
chip. Nevertheless, such filtering is possible for near UV-
pumped wLEDs, as UV light does not directly contribute to the
white light. """ Hence, a near-UV LED coated with a single-phase
broadband emitter to produce white light is desired. Compared
with phosphors mixtures, a single-phase white emitter avoids
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any issues of reabsorption between different phosphors, the
different particle sizes and nonuniformity of luminescence
properties and different aging of the materials.!'23

Recently, low dimensional hybrid metal halides including
hybrid perovskites have attracted a great attention. ['4-'71 Their
emissions can be extremely broad owing to exciton self-trapping
as originally reported by Nagami et al. for a hybrid lead iodide.
(18191 Such emission offers rich opportunities for discovering
single phase white light emitters such as CszAgInClg,
(EDBE)PbBr4 (EDBE = 2,2°-
(ethylenedioxy)bis(ethylammonium)), C4N2H14PbBry4,
(AMP)PbBrs.1/2H,0 (AMP = 1-(2-aminoethyl)piperazine) or
(TDMP)PbBr, (TDMP=trans-2,5-dimethylpiperaziniium).[16.17:20-24]
The Color Rendering Index (CRI) of these materials can reach
high values (~70 - 90) owing to the broadband emission.[16:23.25]
However, in some color-critical high-level applications, such as
jewelry, photography, museum and surgery, an ultra-high CRI is
required.8! Through the comparison of the resulting emissions
with solar spectrum (Figure S1), one can observe that such
emitters are not satisfactory for these applications, because of
the lack of either blue or/and red components. Thus, adding an
appropriate emission band through doping can be an interesting
strategy to improve the color rendering of such light source.

Doping activators such as Mn?*, Tb®*, Eu?* or Ce®*" have been
reported to generate broadband photoluminescence in hybrid
lead halides.!'#27-321 Of particular interest, Mn?* can be doped in
most of the hybrid lead halides by substituting the metal
element.l'43:33 This ion is commonly used to improve the
photoluminescence quantum yield (PLQY) or/and the stability of
perovskite lattices.['*343% In addition, an improvement of the CRI
is usually observed.l'*3¢] These ions doped in hybrid metal
halides always have an emission in the red region owing to the
4Ty to “A; transition.'#34-%71 Hence, materials with emission
bands covering the blue and green spectral region and lacking a
red emission could be optimized through Mn doping. In this
context, we investigate the Mn doping of (TDMP)PbBr,4, which is
a post-perovskite type compound we previously reported.'”]
This material exhibits a broad emission at 510 nm, and we
demonstrate that such Mn doping can lead to an ultra-high color
rendering and high efficiency white light.

Results and Discussion

All the samples were synthesized in solution, and numbered
TPbBr-x (x=0,1,2,3,4,5) for increasing amount of Mn based
reactant (Elemental ratio Mn/Pb= 0/100, 4/96, 6/94, 8/92, 10/90,
12/88, respectively) (Table S1). Interestingly, the hypothetical
Mn based compound (TDMP)MnBr4 could not be synthesized in
the same experimental conditions (Figure S2). This absence of
crystallization is probably due to large differences between Mn?*
and Pb?* radii.®® The structure of (TDMP)PbBrs is shown in
Figure 1a. This one-dimensional hybrid metal halide material is
built of post-perovskite-type chains, which are formed by the
PbBre*~ octahedra connected with each other via edges and
corners.l'l These chains are not ordered at long range. The
powder X-ray diffraction (XRD) patterns, which are all identical
to the simulated pattern, confirm the purity of the as prepared
samples (Figure 1c). In addition, no shift of XRD peaks can be
observed. Generally, due to the substitution of Pb?* (ionic radii,
1.19A) by smaller Mn?* (ionic radii, 0.67A), XRD peaks can shift



to higher angles.®® However, for low concentrations of Mn
dopants, the influence of Mn on the structure is negligible and
cannot be observed by X-ray diffraction.*®) To confirm the
absence of amorphous phases, solid-state NMR was carried
out. As one can see on Figure S3, no differences can be
observed for the samples without or with Mn doping showing
that such doping does not influence the environments of lead
and organic molecules. The typical TEM images for
(TDMP)PbBrs and (TDMP)PbBrs: Mn show similar needle-like
particles confirming that the photoluminescence properties are
not influenced by the microstructure (Figure 1b). To quantify the
concentration of Mn, inductively coupled plasma optical
emission spectroscopy (ICP-OES) was performed (Table S2).
Surprisingly, the results showed that the limit of solubility of Mn
into the lattice is very low (ca. 0.030%). Higher concentrations of
Mn in (TDMP)PbBrs host cannot be obtained by increasing the
ratio MnO: PbBr,.
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Figure 1. (a) Crystal structure of (TDMP)PbBrs, (b)TEM image for
(TDMP)PbBrs, (c) Powder X-ray diffraction patterns for the different
(TDMP)PbBrs: Mn samples.

UV-visible diffuse reflectance spectra of (TDMP)PbBrs: Mn
were collected and converted into absorption spectra using the
Kubelka-Munk function (Figure 2a). The strongest absorption at
360 nm is attributed to the free excitons with vibronic
components. No significant changes (except small changes in
the relative intensities of the vibronic components) is observed
upon doping suggesting an absorption originating almost
exclusively from the host. The photoluminescence excitation
(PLE) and emission (PL) spectra of the Mn?*-doped
(TDMP)PbBr4 phosphors with different Mn contents, are shown
in Figures 2b. For (TDMP)PbBr4, the photoluminescence spectra
show a broadband emission from 400nm to 750nm, which
originates from the self-trapped excitons (STE) states. In Mn-
doped samples, an additional broadband at 640nm from the

ligand field transition of Mn?* (*T{ to ®A:) appears, and its
intensity increases with the content of Mn up to 0.030% (the limit
of Mn solubility in (TDMP)PbBrs). The excitation spectra of
(TDMP)PbBrs and (TDMP)PbBrs: Mn report no significant
change. All the samples have a very broad excitation range from
250nm to 400nm, which indicates that all the samples can be
effectively excited by near-UV light. Interestingly, the excitation
spectra of (TDMP)PbBrs: Mn at Aey, = 510 nm and Aem = 640 nm
are very similar suggesting an identical origin of the self-trapped
emission and Mn?* emission (Figure 2b). Concerning the
photoluminescence properties of the materials, the color
rendering index of (TDMP)PbBr, reaches 77.1'"1 This value is
relatively high, which can be used in daily lighting, but the lack of
emission in the red region makes this phosphor limited for
applications in which ultra-high color rendering is required
(Figure 2d). However, upon Mn doping, the emission at 640nm
increases and the CRI of the (TDMP)PbBrs:Mn is greatly
enhanced (Table S3). In addition, the corresponding correlated
color temperatures (CCT) can be tuned from 7034 K to 4188 K
(Figure 2c), and the photoluminescence quantum yield (PLQY)
can reach 68% (Table S3). Among these samples, TPbBr-3 (Mn
content of 0.027%) is particularly interesting. Its CRI reaches 96
corresponding to the record CRI for a single phase
emitter,?>4142 the CIE coordinate (0.330, 0.365) corresponds to
pure white light, and the PLQY reaches 60% which is a new
record for lead halide white emitter (Figure 2e).['7:20-2225431 Eyen
if other compounds such as (H.DABCO)(Pb.Cls) and
(CsH7N2)2.SnBrs were reported with CRI close to 96, the intensity
of their emissions remained very low (PLQY <3%)“" or did not
correspond to a pure white light.*? Besides, it is important to
note that the CRI value is merely an index which only considers
the first eight (R1-R8) color samples. For TPbBr-3, all the values
from R1 to R14 are above 90, which is exceptional for a single
phase phosphor (Figure 2(d)). For example, R9 reflecting the
color reproduction in the strong red region, is very important for
biomedical and painting applications!'?. In commercial blue-chip
LEDs, R9 is typically very low (i.e. less than 20), while this value
reaches 92 for (TDMP)PbBrs: Mn.“4 Thus, the phosphors
(TDMP)PbBr4: Mn demonstrate an excellent white-light emission
with a high PLQY, an ultra-high CRI value and a tunable CCT
value which are important parameters for use as phosphor in
WLEDs. Figure S4 shows the evolution of the photoemission
from (TDMP)PbBrs: Mn with temperature (up to 150 °C). When
the temperature increases, the PL intensity decreases without
significant modification of emission shape. This evolution is
similar to the ones previously described for other hybrid lead
halides.l'4*! The thermal degradation of (TDMP)PbBrs: Mn was
analyzed by differential scanning calorimetry  and
thermogravimetry. In addition, the moisture stability under
low/high temperatures was investigated by carrying out XRD
and PL measurements before and after treatments in air at
low/high temperatures for different durations (Figure S5 and
Figure S6). Both undoped and doped materials show good
thermal stability (the thermal decomposition occurs above 300
°C) and good moisture stability (no change in the purity of
samples or PL properties after treatments under air at room
temperature for three months or at 100°C for one week). To
highlight the potential of such phosphor in solid-state lighting, a
white LED was fabricated. TPbBr-3 was mixed with resin and
coated on UV LED chips (365 nm) and could exhibit a bright
white light (Figure 3c and Figure S7).
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Figure 2. Optical properties of (TDMP)PbBrs and (TDMP)PbBrs: Mn phosphors: (a) Kubelka-Munk absorption spectra, (b) photoluminescence excitation (PLE)
and photoluminescence emission (PL) spectra, (c) CIE coordinates and (d) comparison of CRI values from R1 to R14 for commercial YAG: Ce®*-based wLEDs!'?,

(TDMP)PbBrs (TPbBr-0), and (TDMP)PbBr4:0.027%Mn (TPbBr-3).

To investigate the origin of the intense red emission from such
low amount of Mn dopant, the tin analogues (TDMP)SnBr4 and
(TDMP)SnBr4:Mn?* were synthesized and characterized (Figure
S8). (TDMP)SnBrs crystallizes in the same structure as
(TDMP)PbBrs, but its photoemission (430nm) is very weak
(Figure S9). Upon doping Mn into (TDMP)SnBrs4, the emission
originating from the ligand field transition of Mn?* (*T; to A1)
appears but remains weak (intensity comparable to the emission
from the host). Such results further confirm that the emission of
Mn in hybrid metal halides is strongly coupled with the excitons.
In order to exhibit an intense red emission from the Mn dopants,
the photoluminescence of the host (i.e. excitonic emission)
should also be intense. Interestingly, very low amount of
dopants (less than 0.030%) are sufficient to obtain high PLQYs.
Such enhanced exciton-dopant exchange coupling interactions
is probably due to high quantum confinement as excitons can
diffuse in only one dimension.3

In the literature, the exact nature of exciton-dopant coupling
for hybrid metal halides remains unclear. Some authors reported
that energy transfer is occurring only between free excitons and
Mn because the self-trapped exciton states are indirect transient

states with unpopulated ground states that could block electron
exchange in Dexter energy transfer.l'41% At the opposite, Zhou
et al. reported that the Mn emission originates from both STE
and FE states because both related emissions are affected by
the Mn doping.®l Thus, to unravel the mechanism of
luminescence in our Mn doped lead halide, temperature
dependent PL measurements were performed for (TDMP)PbBr,
(Figure S10) and (TDMP)PbBrs: Mn (Figure 3(a-b)).! At low
temperature (below ca. 120K), only one emission band
originating from self-trapped excitons can be observed for both
doped and undoped materials. At higher temperatures (above
ca. 120K), the STE emission decreases and a new emission
band attributed to the ligand field transition (*T+ to 6A;) of Mn?*
appears for the doped phosphor (Figure 3(a)). Thus, a
mechanism describing the equilibrium between FE, STE and Mn
emissions can be proposed (Figure 3 (d-e)). At low temperature
and under UV light, free excitons are photogenerated and get
trapped in the STE states (the trapping of excitons is thermally
activated at temperatures as low as 77K).['74®l However, no
luminescence from Mn is observed because the associated
ligand field transition is dipole forbidden. As the temperature
increases, the detrapping of excitons is thermally activated,
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Figure 3. (TPbBr-3). Photoluminescence properties of TPbBr-3 (a) Evolution of STE emission with temperature, (b)Evolution of FE emission with temperature, (c)
white LED fabricated from a n-UV LED chip (365 nm) coated with TPbBr-3 phosphor. Mechanism of luminescence for (d) (TDMP)PbBr4 and (e) (TDMP)PbBra: Mn.

leading the FE emission to increase and the STE emission to
decrease with temperature (Figure 3(a-b)).'"! In parallel, the
selection rule of the forbidden transition of the Mn dopant is
relaxed owing to vibronic coupling. B3 Thus, the rate of energy
transfer exciton-dopant increases and leads to the increase of
the Mn emission with temperature. Above ca. 120K at which Mn
emission appears, the evolutions with temperature of FE or STE
emissions  differ when comparing (TDMP)PbBrs and
(TDMP)PbBrs: Mn (Figure S11). These different evolutions
between undoped and doped compounds can be explained by a
competition of the exciton-dopant energy transfer with the
recombination of the exciton. As FE and STE are in thermal
equilibrium above 100K,“8l the competition between the
recombination of the FE and the exciton-dopant energy transfer
will also affect the recombination of the STE (Figure 3(e)).
Interestingly, the energy transfer promotes the
photoluminescence intensity as the PLQY increases with the
amount of Mn (Table S3). This phenomenon could be explained
by the existence of Mn?* which provides an efficient radiative
recombination pathway for the exciton (*T¢ to 8A1).“1 Thus, with
an increasing concentration of Mn?*, the number of radiative
recombinations of the excitons through this transition metal ion
would increase resulting in the enhancement of the PLQY.
Besides, as previously reported for II-VI semiconductors, the
Mn?* in hybrid lead halide would behave as a long-lived energy
reservoir of excitons through back energy transfer from excited
Mn?* to the creation of excitons.#84% This mechanism could also
contribute to the enhancement of the PLQY.

Conclusion

In summary, doping very low amount of Mn2* in (TDMP)PbBr;4
enabled to increase the high white photoluminescence QY for
lead halides from 45% to 68%. In addition, the color rendering
reaches record values (96) for single phase white phosphors
and a tunable CCT (from 7034K to 4188K) could be obtained.
Besides, new insights were provided on the mechanism of
luminescence from Mn?* doped hybrid lead halides. Mn?*
luminescence is strongly coupled with the excitons in free or
self-trapped states because these both states are in thermal
equilibrium. Thus, tuning the amount of Mn dopant enables to
control the competition existing between the energy transfer
dopant-exciton and the recombination of excitons. An
appropriate balance between FE, STE, and energy transfer to
Mn enables to reach a pure white emission. Thus, we believe
this work could provide new ideas on how light sources with
ultra-high color rendering could be designed in the future.

Experimental Section

(TDMP)PbBr4: Mn samples were synthesized from a mixture of
PbBr, (Alfa Aesar, 99.95%), MnO (Alfa Aesar, 99.95%) and
trans-2,5-dimethylpiperazine (alfa Aesar, 98%) added into 20mL
HBr (Alfa Aesar, 48%). After heating under reflux for three hours



with agitation, the solutions were cooled down and a white
powder was recovered by filtration and washed with ethanol.
The detailed amount of each reactant for different samples can
be found in Table S1.
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