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At present, most high-power white Light-emitting diode and laser diode (LED&LD) package is usually con-
structed by a blue LED&LD chip with a Cerium doped Yttrium Aluminum Garnet (YAG:Ce®") yellow phosphor,
but its color rendering performance is severely challenged due to the lack of red light emission spectrum. The
CaAlSiN3:Eu®" red phosphor can effectively improve the color quality of traditional yellow phosphor converted
white LED&LDs(pc-wLED&LDs), however, it is often susceptible to degradation under high temperature and high
humidity environments, which will directly affect the color quality of pc-wLED&LDs. In this study, a series of
water immersion tests on CaAlSiN3:Eu®* red phosphor are used to quantitatively study its hydrolysis reaction
kinetics. Then, the degradations of its photoluminescence and photothermal performances are evaluated by
characterizing the crystal structure, micromorphology and chemical element composition. Finally, an atomic
level hydrolysis reaction mechanism of CaAlSiN3:Eu?" red phosphor is investigated by using the first-principles
density functional theory (DFT) calculation. The results show that: (1) By modelling the in-situ monitored
electrical conductivity of CaAlSiN3:Eu?" red phosphor water solution with a first-order reaction function, the
calculated hydrolysis reaction rate satisfies the Arrhenius relationship and the reaction activation energy is
estimated as 49.19 kJ/mol; (2) The increased self-heating effect of CaAlSiNs:Eu?t red phosphor after water
immersion test attribute to its drastic drop of light emission efficiency; (3) The hydrolysis reaction mechanism of
CaAlSiN3:Eu®" red phosphor is confirmed, which sequentially results in the dissolution of Ca%* and OH™, the
crash of host lattice and the accumulation of reaction residues.

1. Introduction

Due to their lower energy consumption, long lifetime, fast response
and compact size, high-power white Light-emitting diode and laser
diode (LED&LD) are becoming one of new generation light sources used
in indoor and outdoor lighting, automotive lamps, displays and light
healthcare etc. [1,2] With the increase of living quality, people’s
requirement on lighting has gradually shifted from the higher
light-output and low power consumption to the more healthy and
comfortable lighting quality [3-5]. At present, a commonly used
high-power phosphor-converted white LED&LDs (pc-wLED&LDs) is
usually composed by a blue LED&LD chip coated with phosphor mate-
rials. As one of critical light-conversion components, phosphors always
determine the light efficacy and quality of high-power pc-wLED&LDs

[6]. The traditional pc-wLED&LD coated with the Cerium doped Yttrium
Aluminum Garnet (YAG:Ce>") yellow phosphor, with an emission
spectrum mainly located around yellow-green, has been considered as
one of most effective ways to produce white light [7]. The optical per-
formance YAG:Ce®' yellow phosphor-converted white LED has been
accurately characterized and modelled by R. Hu and X.B. Luo [8-10].
However, due to the deficiency of red color component, the final
packaged white LED&LD with yellow phosphor has a low color
rendering index (CRI) and high correlated color temperature (CCT), that
becomes the bottleneck of application in high lighting quality field [11].
The addition of red phosphor can effectively improve the
color-rendering and reduce the color temperature of traditional YAG
based pc-wLED&LDs, and its prominent role has gradually become a
research focus in pc-wLED&LD’s phosphors [12,13]. Traditionally, red
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phosphors, such as Eu>" doped sulfide and Mn*" doped fluoride sys-
tems, are prepared with hydrogen sulfide atmosphere and hydrofluoric
acid respectively with the complicated process. Their physical and
chemical properties are unstable and deliquescent [14]. After that, the
Eu?" doped Nitride red phosphors, such as CaAlSiNg:Eu?*, SrAISiNs:
Eu*, BayAlSisNg:Eu®T, etc., with high quantum yield, good chemical
and thermal stability and no pollutant release during production, are
developed for white LED&LDs with wide color gamut [15].

As a critical light-conversion component, phopshor’s stability will
directly affect the reliability of pc-wLED&LD package [16,17]. In the
actual application, the temperature at which the LED&LD chip works is
high [18], and the phosphor may undergo thermal quenching to cause a
change of luminous intensity or peak wavelength, resulting in the lumen
degradation and color shift of pc-wLED&LDs [7]. Moreover, besides the
high temperature, humidity is considered as another factor to induce the
degradation of phosphor, and finally deteriorate the optical intensity
and color quality of pc-wLED&LDs [19,20]. Thus, the stability and
reliability assessment on phosphors under high humidity condition has
attracted more interests from pc-wLED&LD research and industry. For
example, M. Choi et al. [21] used the pH change of phosphor solution to
evaluate its reactivity with water, and correlated this test with its
long-term reliability. C. F. Guo et al. [22] studied the hydrolysis process
of SrAl,04: Eu?*,Dy>* green phosphor and found that it was extremely
unstable to water and moisture, and its hydrolysate included suspended
layer and sediment. W. X. Li et al. [23] revealed that the luminescence
intensity of narrow-band red-emitting SrLiAlsN4:Eu?* phosphor was
almost disappeared after being treated at 100% humidity for 72 h. The
color of phosphor was gradually bleached, and the rod shape residues
after degradation were completely split. J. J. Fan et al. [24] found that
phosphors reacted with water and produced OH™ to increase the pH
value under hygrothermal environment, that confirmed the hydrolysis
reaction of phosphors in the water immersion test. The performance
change of treated phosphors also kept consistent with the long-term high
temperature and high humidity aging test results of both phosphor itself
and phosphor/silicone composite [19,25,26]. Therefore, some solutions
to improve the phosphor’s moisture-resistance have been proposed by
modifying the activator ion [27] and surface [28].

CaAlSiN3:Eu?* has been considered as one of most successfully
commercialized red phosphor products used in high-color-rendering
LED&LD lighting and display [29-34]. It was firstly developed by K.
Uheda et al. [35] under a high-temperature and high-pressure solid state
reaction with EuN, CasNjy, AIN and SisN4. According to the effective
first-principles calculation, the host lattice constants [36,37] and me-
chanical, electrical and optical properties [38] of CaAlSiNg:Eu?" red
phosphor and its derivatives [39,40] were predicted. However, although
it has a high thermal quenching temperature and good thermal stability
[41], the reliability of CaAlSiN3:Eu?* red phosphor is still being chal-
lenged by the high humidity application condition [41-43]. J. Zhu et al.
[42] developed a high-pressure water stream test to analyze the mois-
ture driven degradation mechanism of (Sr, Ca)AlSiNngu2+ red phos-
phor, in which the oxidation of both the phosphor host and activator
with an oxidant-gas penetration was considered as the root cause. Our
research team also experimentally found the hydrolysis phenomenon of
CaAlSiNg:Eu?" red phosphor and its interaction with silicone under
long-term high temperature and high humidity ageing test [19,25].
However, all current understandings of hydrolysis reaction of CaAlSiN3:
Eu?* red phosphor relay on the characterizations of microstructure and
chemical element composition, that can’t provide a deep understanding
at atomic level.

In this paper, we investigate the hydrolysis reaction mechanism of
CaAlSiNg:Eu?" red phosphor by implementing a self-designed water
immersion test and the first-principles density functional theory (DFT)
calculation. As shown in Fig. 1, to understand the high humidity driven
degradation mechanism of CaAlSiN3:Eu?" red phosphor, a water im-
mersion test under temperatures from 30 to 55 °C was firstly designed to
simulate a high humidity and ambient temperature storage condition.
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Fig. 1. The logic and organization of this study.

Then, a quantitatively kinetic study of hydrolysis reaction mechanism
was conducted. Next, the photoluminescence and photothermal prop-
erties of phosphors before and after test were compared and explained
by analyzing the crystal structure, microscopic surface morphology and
composition via X-ray Diffraction (XRD), Scanning Electron Microscopy
(SEM) and Energy Dispersive Spectroscopy (EDS) respectively. Finally,
the first-principles calculation was used to understand this hydrolysis
reaction mechanisms at the atomic level.

2. Test sample and experiment

A commercialized CaAlSiNg:Eu?" red phosphor product is selected in
this study. As shown in Fig. 2, the host lattice CaAlSiN3 has an ortho-
rhombic crystal structure (space group Cmc2, no. 36), in which Ca atoms
occupy the vacancies within the six corner-connected SiN4/AIN, tetra-
hedra [37,40].

2.1. Water immersion test setup and experimental procedure

As shown in Fig. 3, the water immersion test setup includes an
electrical conductivity monitor (Model: DDS-307) and a water-bath
heater system with the constant temperature controller and magnetic
stirrer (Model: DF-101SZ). The experimental procedure of preparing test
samples includes: firstly, 10 g red phosphor powders were weighted and
poured with 100 ml deionized water in a beaker; Then, the beaker was
put into the water-bath heater system and set the treatment tempera-
tures from 30 to 55°C with a 5°C increment. The rotation speed of

Fig. 2. The host lattice structure of CaAlSiN3.
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Fig. 3. Experimental procedure of the designed water immersion test.

magnetic stirrer was set as 450 rpm to ensure an even reaction; Next, the
electrical conductivity was in-situ monitored for the phosphor water
solution when the solution temperature was stably controlled, and the
recording cycle of electrical conductivity was set as 20s until 1800s;
Finally, the phosphor powders after water immersion test were filtered
and dried from solution for the next step’s performance
characterization.

2.2. Material characterization

The photoluminescence performance and thermal stability of CaAl-
SiNg:Eu?" red phosphors were characterized by using the Exciting
Spectra and Thermal Quenching Analyzer from the EVERFINE Corpo-
ration (Model: EX-1000). Their photothermal characterizations were
measured by using a home-made infrared imaging system as described
in Fig. 8. The crystalline phase composition was detected by the X-ray
Diffractometry (XRD, Rigaku D/MAX 2500 V/PC, Japan). The surface
morphology was observed by the Scanning Electron Microscopy (SEM,
JEOL/JSM-6510, Japan). The Energy Dispersive Spectroscopy (EDS,
JEOL/Ex-54175JMU, Japan) was used to analyze the types and contents
of chemical elements.

3. Results and discussion
3.1. Hydrolysis kinetic analysis

Fig. 4 shows the in-situ monitored electrical conductivity of CaAl-
SiN3:Eu?* red phosphor water solution and their nonlinear fitting results
at different temperatures. It can be seen that the electrical conductivity
of CaAlSiN3:Eu?* red phosphor water solution increased rapidly in the
initial 200 s, then went saturated. When the rising of solution temper-
ature, the electrical conductivity gradually increased, indicating that
high temperature can promote the dissolution of CaAlSiNs:Eu®* red
phosphor in water. All electrical conductivities can be fitted by the
exponential function with assumption of following the first-order
reaction.

For the first-order reaction, the relationship between reaction rate k
and water immersion test temperature T follows the Arrhenius equation,
as shown in equations (1) and (2) [42]:

E
— A a
k=A exp(RT) (@)
E,
lnk—fRTJrlnA 2)

Where A is a pre-factor; R is the gas constant, 8.314 J/(mol-k); T is
the thermodynamic temperature, K; E, is the activation energy, kJ/mol.
Then, the reaction rates at different temperatures are obtained from

250

N
o
o

150 1

100
= Twaterimmersion test = 30°C = 30°Cnonlinear fitting
®  Twaterimmersiontest = 35°C === 35°Cnonlinear fitting
4 Twaterimmersion test = 40°C = 40°Cnonlinear fitting
Twater immersion test = 45°C s 45°Cnonlinear fitting
@ Twaterimmersiontest = 50°C === 50°Cnonlinear fitting

Twater immersion test = 55°C 55°Cnonlinear fitting

Electrical Conductivity(uS-cm™)
[}
o

0 " " " " "
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Soaking Time(s)

Fig. 4. Electrical conductivity v.s. temperature of CaAlSiNg:Eu?" red phosphor
water solution and the nonlinear fitting results. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

fitting results and listed in Table 1. Fig. 5 shows that Ink and 1/T are
linearly correlated, and can be modelled by the Arrhenius equation (2).
The slope of linearly fitted curve from Fig. 4 can be calculated as the
activation energy of hydrolysis reaction from 303 to 328K,
E,=49.19kJ/mol.

3.2. Photoluminescence performance characterization

In this section, the Exciting Spectra and Thermal Quenching
Analyzer were used to evaluate the photoluminescence performances of
CaAlSiN3:Eu?* red phosphors before and after the water immersion test.
The thermal quenching test temperature was controlled from 40 °C to

Table 1

The exponential fitting results of electrical conductivities.
Twater immersion test/K k/s™! R[2]
303 0.00838 0.93542
308 0.01036 0.91308
313 0.01949 0.89067
318 0.0214 0.88225
323 0.0252 0.88457
328 0.03806 0.90868
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Fig. 5. The hydrolysis reaction rate v.s. temperature.

80 °C with a temperature interval as 10 °C.

3.2.1. Excitation spectrum v.s. thermal quenching test temperature

Fig. 6(a—f) shows the excitation spectra of CaAlSiN3:Eu?" red phos-
phors treated under different thermal quenching test temperatures. It
can be seen that when the temperature of water immersion test
increased, the peak wavelength of excitation spectrum did not change
too much, which was always around 475 nm. However, the temperature
dependence of excitation intensity of phosphor after high temperature
water treatment increased much more. This means that the hydrolysis
reaction can influence the light absorption efficiency of CaAlSiN3:Eu?*
red phosphor, which may be attributed to the micromorphology dete-
riorate of phosphor particles.

3.2.2. Emission spectrum v.s. thermal quenching test temperature
Subsequently, the thermal stability of CaAlSiNs:Eu?* red phosphor

Journal of Luminescence 219 (2020) 116874

was characterized by comparing their emission spectra when the peak
excitation wavelength was set as 475nm. Three characteristics of
emission spectrum, including Full Width at Half Maximum (FWHM),
Peak Wavelength, and Emission Intensity, were extracted and their
thermal quenching effects were collected and shown in Fig. 7(a—c).

As shown in Fig. 7(a), the FWHMs gradually became broader
accompany with the raising of thermal quenching test temperature and
the increment of FWHMs of samples soaked at different water temper-
atures kept relatively similar. This means that the color purity of
CaAlSiNg:Eu?" red phosphor deteriorates under high temperature
treatment, but the hydrolysis reaction has less impact on it. The peak
wavelength, determining the color fidelity, changed less when increase
the water immersion test temperature as shown in Fig. 7(b). Meanwhile,
the temperature stability of peak wavelength kept relatively well. Fig. 7
() presents that all peak intensities of CaAlSiNg:Eu?* red phosphors
after hydrolysis reaction were linearly degraded as a function of thermal
quenching test temperature. At the same time, according to the
increased slopes of linear-fitting curves, it can be seen that the water
immersion test at higher temperature can accelerate the thermal
quenching effect and quickly drop the emission efficiency of CaAlSiN3:
Eu®" red phosphor.

3.3. Photothermal performance characterization

Normally, the phosphor excited by the illumination will simulta-
neously converts the light and produces the heat, because of the Stokes
effect. In this section, the photothermal effects of CaAlSiN3:Eu®" red
phosphors were characterized by using both the infrared thermal (IR)
measurement and the finite element simulation. In Fig. 8, the photo-
thermal test setup was designed by using an IR thermal camera, a blue
LED driven by the controllable constant current, a light guide plate
covered on the top of blue LED chip and a glass plate with a circular
groove (with a depth of 0.2mm and a diameter of 14 mm) filled by
CaAlSiNg:Eu?" red phosphor powders. The excitation lights were pro-
duced by the blue LED with different driven currents (i.e. 140 mA,
210 mA, 280 mA, 350 mA) and the phosphor samples before and after
water immersion test were placed in the circular groove of glass piece for
photothermal characterization. During the test, a thermal stabilization
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Fig. 6. Excitation spectrum v.s. thermal quenching test temperature of CaAlSiN3:Eu®* red phosphor after the water immersion test at (a) 30 °C; (b) 35 °C; ()40 °C;
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with 10-15 min was required before IR measurement. Table 2 compares
the photothermal performances of CaAlSiNg:Eu?" red phosphor after
30°C and 55 °C water immersion tests.

Fig. 9(a) plots the maximum surface temperatures of phosphor
samples before and after water immersion test, in which the excitation
lights were controlled by adjusting the driven current of blue LED. The
results in Fig. 9(b) show that the averaged maximum surface tempera-
tures of each test samples were linearly fitted as a function of driven
current. It is also found that the temperature increment rate, that is
represented by the linear curve slope, increased accompany with the
rising of water immersion test temperature. These results keep corre-
sponding with the drop of emission peak described in Fig. 7(c).

As a short summary, the above thermal measurement results indicate
that the increase of excited blue light will promote the photothermal
effect of phosphor to raise the surface temperature accordingly. In the
meantime, the measured maximum surface temperatures of phosphors
after water immersion test are all higher than those without test. The
water treatment at higher temperature can accelerate the photothermal
effect of the phosphor and increase its self-heating as its emission effi-
ciency drop described in the above section. This phenomenon can be
explained by the principle of energy conservation, the energy absorbed
by phosphor is equal to the sum of the light energy emitted and the heat
generated by phosphor, as described in equation (3).

0, =01+ O 3

Where Q,, refers to the energy absorbed by phosphor; Q is the light
energy emitted by phosphor; Qy, is the self-heating energy generated by
phosphor.

Next, in order to understand the photo-induced self-heating phe-
nomenon of CaAlSiN3:Eu?* red phosphor, its photothermal effect was
simulated in this section with the finite element simulation. As shown in
Fig. 10, a three-layer close-packed CaAlSiN5:Eu?* red phosphor particles
can be simplified as a tetragonal microscopic basic unit. The macro-
scopic model is assumed as the accumulation of microscopic basic units
regardless of defects and impurities. The microscopic model of a CaAl-
SiNg:Eu?" red phosphor particle is rod-shaped with r as its radius and  as
its length, assuming r =10 pm, [ =50 pm in this study.

The effect of phosphor particle spacing (d) on the photothermal ef-
fect is discussed as follows according to the finite element thermal
dissipation simulations. In detail, the temperature differences between
the bottom of first layer and the top of third layer were simulated by
setting the d = 2.0r, 2.5r, 3.0r and 3.5r respectively. Fig. 11 shows the
relationship between the simulated temperature difference and phos-
phor particle spacing. It is indicated that when the spacing of the
phosphor particles increased, the effects of both the increased air
resistance between particles and more excited phosphors resulted in an
increase of temperature difference in the phosphor compact model. The
relationship between the temperature difference and particle spacing
can be quantified through fitting a logarithmic function as described in
equation (4):

ATemp =2.67%In(d) — 7.34 @

3.4. Crystalline phase composition analysis

In this section, X-ray diffraction (XRD) is used to analyze the crystal
structures of CaAlSiN3 host lattice before and after water immersion test
as shown in Fig. 12.

Through comparing the diffraction peaks of standard card
JCPDS#39-0747[44—471, CaAlSiNs is considered as the principle crys-
talline phase even after water immersion tests. Table 3 compares four
highest diffraction peak intensities before and after tests, it is found that
although their diffraction peak intensities dramatically degraded after
the water immersion test, the characteristic diffraction angles kept
relatively stable. The highest diffraction peak at~36.6° became broader
and this means an amorphous trend happened in CaAlSiN3 host lattice,



J. Fan et al.

Journal of Luminescence 219 (2020) 116874

[ IR Camera ’

B

|_BluatiEl |

Thermal
Controller
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Table 2
IR imaging of CaAlSiNz:Eu?* red phosphor after 30 °C and 55 °C water
immersion tests.

Driven current

Twater immersion test = Twater immersion test =

of blue LED/mA 30C 55°C
e 7 T i
§max=26.1 H,..,fzs.s
140 i . .
210
280
350

however, the new crystalline phase was difficultly identified in current
XRD patterns [42]. Moreover, the temperature dependence of peak in-
tensity can’t be simply functioned like previous electrical conductivity,
emission peak intensity and photothermal characteristic. This may
reveal that the crystalline phase of CaAlSiN3 host lattice is not the only
determinative factor on phosphor’s performance, the activator is
another influence factor.

3.5. Micromorphology and chemical element composition analysis

Furthermore, SEM is used in this study to observe the changes of
micromorphology of CaAlSiN3:Eu?* red phosphor particles before and
after water immersion test. Meanwhile, the chemical element types and
compositions of phosphor particles are analyzed by using the EDS
measurements. Fig. 13 shows the SEM images of CaAlSiNs:Eu®" red
phosphors treated under different water immersion temperatures. The
results indicate that an increased surface roughness and new residues
after hydrolysis reaction may correspond to the reduction of XRD peak
intensity. But the cracks and wrinkles on the particle surface happened
in Ref [42]*? were not found in our test, this may relate to the different
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Fig. 9. (a) The maximum surface temperatures of CaAlSiNs:Eu®* red phosphor
before and after water immersion tests v.s. driven current; (b) linear-fitting
curve of averaged maximum surface temperature as a function of driven cur-
rent. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 10. A close-packed model for CaAlSiNg:Eu®* red phosphor particles. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 11. The simulated temperature difference v.s. phosphor particle spacing.

test conditions we selected. A more severe test condition, including high
temperature (>150°C) and high pressure water steam, was used in
Ref. [42].

The EDS images shown in Fig. 14 compares the chemical element
distributions of CaAlSiNs:Eu®" red phosphor particles before and after
55°Cwater immersion test. This is a qualitatively surface scanning re-
sults of chemical element distribution, in which the brighter the image
shows, the more specific chemical element it has. Meanwhile, the
quantitate atomic percentages of chemical elements are shown in
Table 4, which reveals that the N and Eu elements reduced and the Al
and Si elements kept relatively stable. Combining the electrical con-
ductivity measurement results, the hydrolysis reaction of CaAISiNg:Eu?*
red phosphor can be assumed as a two-stage mechanism: Firstly, the
Ca?t and OH™ were decomposed to the water as shown in equation (5),
resulting in a dramatic increase of solution’s electrical conductivity
(Fig. 4) and pH value [19]. Secondly, the gaseous NH3 and solid-state
CaAl;,SipOg and Ca(OH); were generated to make the solution’s elec-
trical conductivity stable, which also proves that the hydrolysis reaction
equation proposed in Ref 42*2 is reasonably when equations (5) and (6)
are combined together.

CaAlSiN;(s) + 2H,0(1)—Ca>* +20H™ + H,AISiN;(s) )
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Fig. 12. XRD patterns of CaAlSiNg:Eu*" red phosphors before and after water
immersion test. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Table 3
The peak intensities at four characteristic diffraction angles.

Twater immersion test/°C Peak intensities/a.u.

1#~31.6° 2#~36.0° 3#~36.3° 4#~36.6°
No soaking 13339 12092 13014 36737
30 10890 12017 12732 8808
35 10678 11281 13074 9467
40 11216 11174 13082 15648
45 11057 12608 13528 10083
50 10445 12608 12807 8946
55 10312 11733 12430 7762

3.6. Hydrolysis mechanism analysis with first-principles calculation

To further understand the hydrolysis reaction mechanism in present
water immersion test, a preliminary density functional theory (DFT)
calculation was conducted by using the program package DMol [3]. [48]
The electronic interactions were employed by using the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
method [49]. Double numerical basis sets with polarization functions
(DNP) were utilized. For the optimization calculations, a 5x 4 x 3
Monkhorst-Pack k-point mesh for the Brillouin zone sampling was used.
The convergence criteria of optimized structures are 2 x 10> ha for
energy, 0.002 Ha/A for force, and 5x 102 A for displacement. The
Mulliken charge analysis approach was used to calculate the charge
density of the structure. Before the modelling of the hydrolysis reaction,
the unit cell of CaAlSiNj crystal structure was optimized with 24 atoms.
The positions of two Al atoms and two Si atoms are shown in Fig. 15 (a).
When the unit cell was fully relaxed by employing the conjugate
gradient method, the lattice constants of that were calculated as
a=9.8871 A, b=5.7134 A, and ¢=5.1146 A. These calculated pa-
rameters are in good agreement with the previous studies [38,40].

The CaAlSiN3 surfaces with orientation [100], [010] and [001] are
observed in the experiment [50]. But it has great difficulties in simu-
lating the surface with all those orientations, thus we chose the CaAlSiNg
[010] surface for calculation. The weak interactions between Ca®" and
surrounding atoms indicate that, at the surface region, Ca®* would first
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e

Fig. 13. SEM images of CaAlSiN3:Eu®" red phosphors before and after water immersion test. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

diffuse into water solution before the hydrolysis reaction with water.
Thus, the CaAlSiN3 [010] surface structure, losing a Ca?" at the surface,
was optimized to model the surface condition before the hydrolysis re-
action. In addition, the Ca®* and H30 were placed ina 15 x 15 x 15 A3
cubic cell to obtain the equilibrium position between Ca2* and H,O.
Then, the optimized Ca®** and H>0 were added to the relaxed CaAlSiN3
[010] surface structure to model the hydrolysis reaction. A thick vacuum
layer (>15 A) was added in the direction perpendicular to the CaAlSiN3
[010] surface to ensure the minimum interaction between periodic
structures, and the six bottom layers of the surface structure were fixed
to model to bulk property of CaAlSiNs, as shown in Fig. 15(b).

Fig. 16 (a) plots the optimized surface structure after hydrolysis re-
action, it can be seen that the bond of H-OH in water molecular is
broken, then the HT is adsorbed on the surface, forming a N-H bond
with length 1.027 A. But the Ca?t and OH™ leave distantly from the
CaAlSiNg (010) surface after hydrolysis reaction, which indicates a weak
interaction between the OH™ and CaAlSiN3 surface. To better under-
stand the mechanism of the reaction of H,O on the surface of CaAlSiN3,
we plot the image of charge density difference (CDD) calculated by the
following formula [51],

AP =Py, 0-cantsivy — Pry0 + cart — Pcadlsing—Ca @)

where p(H20 + CaAlSiN3), p (H20 + Ca®™), and p (CaAlSiN5 — Ca?*") are
the total charge density of the optimized H,0 + CaAlSiNj structure, the
equilibrium structure of Ca?" and H,0, and the isolated structure of
CaAlSiNj3 losing a Ca*, respectively.

The CDD image in Fig. 16(b) shows the charge transfer before and
after the hydrolysis reaction of CaAlSiN3 [010] surface. It can be seen
that the H acts as a donor and provides 0.33 e to the CaAlSiNs.
Meanwhile, a slight charge transfer from OH™ to CaAlSiNg, 0.04 e, is
also observed. Such a strong charge transfer and the close distance be-
tween H and N atoms imply that the H is chemically adsorbed on the
surface via the covalent interaction. But, the slight charge transfer and
relatively far distance between OH™ and CaAlSiN3 [010] surface show
that the OH™ is physically absorbed on the surface via a van der Waals
interaction. Since the interaction of chemisorption is much stronger than
the physisorption, thus the OH ™ is much easier than H to be dissolved
in water solution during the hydrolysis reaction. This would lead to a

higher concentration of OH™ than H' in water solution, which is
consistent with our previous experimental results that the increased pH
value in water solution after the water immersion test of CaAlSiNg [24].
And the simulation results also explain the above experiment phenom-
enon from water immersion test that an increase of solution’s electrical
conductivity was always detected at the initial stage of water immersion
test. Therefore, the DFT calculations provide an insight into the mech-
anism of the hydrolysis reaction of CaAlSiN3, which also can reasonably
explain the initial hydrolysis reaction function as shown in equation (5).

4. Conclusions

To qualify the reliability of CaAlSiN3:Eu?* red phosphor used in high
temperature and high humidity condition, a kinetic study with both the
water immersion test and first-principles calculation is proposed in this
paper to understand its hydrolysis reaction mechanism. The results show
that: (1) Firstly, the water immersion test reveals that an in-situ moni-
tored electrical conductivity of CaAlSiNs:Eu?" red phosphor water so-
lution can be used to quantitively calculate the phosphor’s hydrolysis
reaction rate, which is temperature dependent and satisfies the Arrhe-
nius model; (2) The hydrolysis reaction at high temperature can
dramatically deteriorate the emission peak intensity of CaAlSiNg:Eu?*
red phosphor accompanying with an increase of its photothermal effect
(3) Both experimental characterizations (i.e. the crystalline phase
analysis and micromorphology and chemical element analysis). and
first-principles calculation infer that the moisture driven degradation of
CaAlSiNg:Eu?" red phosphor can be attributed to the initially dissolved
of Ca®" and OH-, gradually crashed crystallinity of host lattice and the
increased surface roughness from reaction residues. The major contri-
butions of this study can support improving the pc-wLED&LD phos-
phor’s reliability under high humidity usage condition, and also
providing the technical guidance on the fast, accurate and cost-effective
reliability assessment for pc-wLED&LD phosphors.
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Fig. 14. EDS images of CaAlSiNs:Eu®" red phosphor particles (a) before test; (b) after test at 55 °C. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Table 4
Atomic percentages of CaAlSiNs:Eu®* red phosphors before and after water
immersion test.

Twater immersion test/°C Ca/At% Al/At% Si/At% N/At% Eu/At%
Before test 14.35 31.52 28.54 20.81 0.57

30 22.41 33.04 31.99 11.45 1.13

35 19.82 33.64 30.38 15.67 0.50

40 24.01 24.78 27.61 23.40 0.21

45 11.32 37.60 33.03 17.18 0.87

50 15.38 37.69 34.11 11.81 0.90

55 28.83 27.74 31.57 11.58 0.28
(a) (b)

vacuum
[ (>15A)
Vv

relaxed

Al

Ca

Fig. 15. (a)The crystal structure of CaAlSiNgs. (b) The initial structure for the
modelling of hydrolysis reaction.

(a)

Fig. 16. (a) The optimized structure after the modelling of hydrolysis reaction.
(b) The charge density difference of the CaAlSiN3+H,O configuration. The
isosurfaces are taken as 6 x 10 2e/A%. The blue areas show where the electron
density has been enriched. Conversely, the yellow areas show where the density
has been depleted. The direction and value of charge transfer are also plotted.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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