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ARTICLE INFO ABSTRACT

Keywords: Mn**-doped fluorides show narrow red line emission under blue light excitation and are therefore promising
Mn** materials to improve the color rendering and luminous efficacy of white light emitting diodes (wLEDs). The
Fluorohafnate synthesis of Mn**-doped fluorides is however challenging and so far only a few efficient Mn**-doped fluoride
White LED phosphors have been reported. In this work we present the synthesis and optical properties of a novel
Red phosphor Cs,HfFs:Mn** phosphor. The Cs,HfFs:Mn** phosphor is prepared via a two-step co-precipitation method and
shows bright red Mn** luminescence around 620 nm under blue light excitation. Detailed insight in the lumi-
nescence properties is obtained by studying the Mn** emission and luminescence decay down to cryogenic
temperatures. The Cs,HfFg:Mn** phosphor has a photoluminescence quantum efficiency higher than 80%,
which makes it an interesting red-emitting material for wLEDs and other lighting applications. As the Mn**
emission from Cs,HfFg:Mn** shows quenching above 100 °C (T\, = 403 K), the use of this phosphor will be

limited to low-power LED lighting.

1. Introduction

White light emitting diodes (WLEDs) are revolutionizing the display
and lighting industry due to their high energy efficiency, small size,
robustness and long operation lifetime [1-5]. Most commercial high
efficiency wLEDs are based on a combination of blue emitting (In,Ga)N
LED chips and yellow emitting Y3Als0;5:Ce®* (YAG:Ce) phosphors
[5-8]. This combination however lacks a red emitting component and
thus gives “cool” white light with a high correlated color temperature
(CCT > 4500 K) and low color rendering index (CRI < 75). This is an
issue for most applications including home lighting where warm white
light with a high color rendering index (CRI > 85) is required. To solve
this problem, the last two decades extensive research has been con-
ducted to find novel red phosphors that can improve the color ren-
dering of wLEDs. Presently Eu?*-doped nitrides like CaAISiN5:Eu®* are
the most successful red-emitting LED phosphors [9-14] and warm
wLEDs containing these nitrides have been commercialized in the last
years.

Eu®*-doped nitride phosphors exhibit high photoluminescence
quantum efficiencies (QE > 90%), good thermal quenching behavior
and sufficient chemical stability [2,5] but also have several serious
drawbacks. The Eu®" emission band of these phosphors is broad (full
width at half maximum fwhm = 50-90 nm) and therefore extends into
the deep-red spectral region (A > 640 nm) where the eye sensitivity is
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low. This causes the lumen/W efficacy of the wLED to reduce sig-
nificantly [7]. Furthermore, Eu®*-doped nitride phosphors have a high
production cost as they are synthesized under demanding conditions
such as high pressure and high temperature [14,15]. Hence, the wLED
industry is searching for new cheap and efficient narrow linewidth
(fwhm < 40 nm) red phosphors that can be excited by blue LEDs. Red
emitting phosphors with these spectral characteristics could enable
lighting systems with an increased lumen/W efficacy at a CRI of 90 or
higher.

Fluoride compounds doped with Mn** (3d* electron configuration)
ions show narrow red emission (fwhm < 30 nm) in a favorable spectral
region (Amax ~ 630 nm). Moreover, their red emission can be excited by
blue light and they are therefore promising narrow linewidth red
phosphors for wLEDs [16-19]. Mn**-doped fluoride phosphors can
have quantum efficiencies higher than 90% [15,20] and, in contrast to
the Eu®*-doped nitrides, are prepared through low-cost wet-chemical
synthesis at room temperature [15,21,22]. These properties give Mn*™ -
doped fluoride phosphors large potential for application and conse-
quently the synthesis of these phosphors has received considerable at-
tention in recent years. The synthesis of Mn**-doped compounds is
however not trivial and up till now only a few Mn**-doped fluoride
hosts have been reported [19]. The many oxidation states of manganese
(2+, 3+, 4+ and 7+ are most common) make it difficult to control
the valence state of manganese and thereby to synthesize Mn**-doped
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compounds. Another issue is that manganese oxide impurities are often
formed when synthesizing Mn‘”—doped fluorides [22,23]. Furthermore,
Mn** ions substitute preferably for octahedrally coordinated tetra-
valent cations, which makes it challenging to activate most fluoride
lattices with Mn** ions. As a result, only a small number of Mn*"-
doped fluorides has been synthesized so far. All fluoride hosts activated
with Mn*" ions contain either Si**, Ti**, Ge**, Sn**, Zr** or AI®" as
their central cation [24,25]. Substitution of Mn** for other metal ions
has so far not been achieved in fluorides.

In this work we report the synthesis and luminescence properties of
a new Mn**-activated fluoride host: a Mn**-doped fluorohafnate. We
synthesize a novel Cs,HfFs:Mn** phosphor, which was also recently
reported by Yang et al. [26]. In their work Cs,HfFg:Mn** was prepared
via an ion exchange method. In contrast, here we use a two-step co-
precipitation method to synthesize Cs,HfF:Mn**. In a first step we
prepare the Mn**-precursor K,MnFg and then in a second step
Cs,HfFs:Mn** is precipitated from an aqueous HF solution containing
Cs™, Hf*" and Mn* " ions. The method described here results in narrow
red-emitting Cs,HfFs:Mn*"* phosphors with luminescence quantum ef-
ficiencies of 80-90%, which is much higher than the 50-60% quantum
efficiency reported for CsszF6:Mn4+ by Yang et al. [26]. In Ref. [26]
the optical properties of Cs,HfFg:Mn** were briefly described. In this
work we provide detailed insight in the optical properties by recording
emission and excitation spectra at cryogenic temperatures. The low-
temperature spectra are used to accurately determine the energies of
the Mn** levels and MnF2~ vibrational modes and the crystal field and
Racah parameters. Furthermore we study the thermal quenching be-
havior for Cs,HfFg:Mn** by measuring the luminescence intensity and
luminescence decay times as function of temperature. Because of lu-
minescence quenching above 100 °C, application of this Mn**-doped
fluorohafnate will be limited to low-power LED systems.

2. Experimental section
2.1. Synthesis of K;MnFg

K,MnF¢ was prepared according to the procedure described in Refs.
[27,28]. Briefly, 60 g of KF and 4 g of KMnO, were dissolved in 250 mL
of a 40 wt% HF solution. The solution was cooled with an ice bath and
stirred for 30 min. Next, 4.5 mL of a 30 wt% H,0,, solution was added
dropwise while stirring which resulted in the gradual precipitation of
yellow K,MnFg¢ powder. The dropwise addition of H,O, was stopped
when the color of the solution turned from purple to red-brown in-
dicating the formation of Mn**. K,MnFg was isolated by decanting the
red-brown solution, washing the precipitate twice with 100 mL of
acetone and subsequently drying at 50 °C for 2 h.

2.2. Synthesis of Cs;HfFs:Mn** phosphor

The Cs,HfFg:Mn** phosphor was synthesized by a simple co-pre-
cipitation method which is schematically illustrated in Fig. la. First,
10 mmol of HfO, was dissolved in 100 mL of a 40 wt% HF solution by
stirring at 60 °C for 24 h. Subsequently, 0.2 mmol of K;MnFs and a
solution of 20 mmol CsF in 3 mL 40 wt% HF were added. The solution
became yellow due to the addition of K,MnFg. The solution was stirred
for several minutes and then poured into 200 mL of ethanol which re-
sulted in the precipitation of Cs,HfFe:Mn** phosphor particles. The
precipitate was washed with ethanol and dried at 75 °C for 2 h. The
Cs,HfFs:Mn** phosphor has a yellow-orange body color under daylight
(Fig. 1b) and shows bright red luminescence under UV light illumina-
tion (Fig. 1c).

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were measured on a Philips
PW1729 x-ray diffractometer using Cu K, radiation (A = 1.5418 A).
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Scanning electron microscopy (SEM) images and energy-dispersive X-
ray (EDX) spectra of the phosphors were obtained using a Philips XL30S
FEG microscope operating at 20 keV. The manganese concentration in
the synthesized Cs,HfFs:Mn** phosphor was determined with in-
ductively coupled plasma optical emission spectroscopy (ICP-OES)
performed on a Perkin-Elmer Optima 8300DV spectrometer. For the
ICP-OES measurements the Cs,HfFs:Mn** phosphor was dissolved in
aqua regia.

Photoluminescence (PL) measurements were performed on an
Edinburgh Instruments FLS920 fluorescence spectrometer. Excitation
and emission spectra were recorded with a 450 W Xe lamp as excitation
source and a Hamamatsu R928 photomultiplier tube (PMT) with a
grating blazed at 500 nm for detection of emission. For PL decay
measurements excitation was done with a tunable optical parametric
oscillator (OPO) Opotek Opolette HE 35511 laser (pulse width 10 ns,
repetition rate 10 Hz) and emission was detected with a Hamamatsu
H74220-60 PMT. Samples were cooled down to 4 K with an Oxford
Instruments liquid helium flow cryostat. For PL. measurements between
300 and 600 K samples were heated in a Linkam THMS600 temperature
controlled stage. The PL quantum efficiency of the phosphor was de-
termined with a calibrated home-built setup which consisted of a 65 W
Xe lamp, excitation monochromator, integrating sphere (Labsphere)
and CCD camera (Avantes AvaSpec-2048).

3. Results and discussion
3.1. Structural characterization of phosphor particles

To investigate the phase purity, size, shape and composition of the
Cs,HfFg:Mn** phosphor particles, we employed different character-
ization methods such as powder x-ray diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive x-ray (EDX) spectroscopy
and inductively coupled plasma optical emission spectroscopy (ICP-
OES). Fig. 2a shows the XRD pattern of the Cs,HfFs:Mn** phosphor.
The XRD pattern is in excellent agreement with the reference pattern of
trigonal Cs,HfFs (PDF 04-008-3370). No impurity crystal phases are
observed. The trigonal crystal structure of Cs,HfF¢ (P3m1 space group)
[29] is displayed in Fig. 2b. Each Hf*" ion is surrounded by six F~ ions
to form a trigonally distorted HfF?~ octahedron (accentuated in
Fig. 2b). The distorted HfFZ~ octahedron has a D34 symmetry with Hf-F
distances of 2.03 A.

Fig. 2c,d shows SEM images of Cs,HfFg:Mn** phosphor particles.
The particles have irregular shapes and are very polydisperse, with sizes
ranging from 100 nm to 100 um. We attribute this to fast and forced
crystallization in the anti-solvent ethanol. If the Cs,HfFg:Mn** phos-
phor would be formed by slowly evaporating the HF solution, mono-
disperse particles with a hexagonal shape may be obtained based on the
trigonal crystal structure of Cs,HfFs. EDX spectroscopy measurements
(Fig. S1) confirm that the Cs,HfFs:Mn** phosphor particles shown in
Fig. 2c,d consist of cesium, hafnium and fluorine ions. All intense peaks
in the EDX spectrum can be assigned to K, L or M x-ray emission lines of
these elements. The manganese concentration in the particles is too low
to be detected by EDX spectroscopy. Hence, we used ICP-OES as tech-
nique to determine the manganese concentration in the Cs,HfFg:Mn*™*
phosphor. It was found that the Cs,HfFs:Mn** phosphor contains
1.9 mol% of manganese ions, which is close to the 2.0 mol% of KoMnFg¢
added during the synthesis. In the work of Yang et al. less than 60% of
the Mn** added in the synthesis ended up in the phosphor crystals
[26]. Our method thus gives better control over the incorporation of
Mn** ions in the Cs,HfFg host lattice.

3.2. Red Mn*™ luminescence of Cs;HfFg:Mn*™
Upon illumination with UV radiation Cs,HfFg:Mn** shows bright

red luminescence, as can be seen in Fig. 1c. To investigate this lumi-
nescence, we measured photoluminescence (PL) excitation and
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emission spectra of Cs,HfFe:Mn** at room temperature. These spectra
are presented in Fig. 3a. Cs,HfFs:Mn** shows narrow emission lines
around 620 nm under blue light excitation (Aexe = 470 nm). The main
emission peaks are in the wavelength range of 610-640 nm where eye
sensitivity is still relatively high, which is beneficial for applications.
The red luminescence is assigned to the Mn** 2E — “A, transition,
which is indicated by the red arrow in the Tanabe-Sugano energy level
diagram of Mn** (3d®) in Fig. 3b. The Tanabe-Sugano diagram [30,31]
depicts the energy levels of the d® electron configuration in an octa-
hedral crystal field as a function of the crystal field splitting Ao. Due to
its high effective charge, the Mn*"* ion experiences a strong crystal field
and therefore the E state is generally the lowest energy excited state.
The %E excited state and *A, ground state have the same t3 configura-
tion and as a result the energy of the E — *A, transition hardly de-
pends on Ao. Consequently, there is little to no lateral displacement
between the parabolas of the ?E and *A, state (small Huang-Rhys
parameter [32]) causing the 2E — “4A, emission to be characterized by
narrow zero-phonon and vibronic emission lines.

The emission spectrum of Cs,HfFs:Mn** is displayed in more detail
in Fig. 3c. The spectrum shows a weak line at 622 nm symmetrically
surrounded by lines at shorter and longer wavelengths. This resembles
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Fig. 1. (a) Schematic illustration of the synthesis of
Cs,HfF:Mn** and photographic images of
Cs,HfF:Mn** phosphor under (b) daylight and (c)
365 nm UV illumination.

Cs,HfF :Mn*
precipitates

emission spectra observed for other Mn**-doped fluorides such as
K,SiFe:Mn** and K,TiFg:Mn** [17,33]. In analogy, the %E — “A,
spectrum of CsszFG:Mn4+ consists of a weak zero-phonon line (ZPL) at
~ 622 nm and more intense anti-Stokes and Stokes vibronic emissions
(labeled v3, v4 and ve) on the high and low energy side of the ZPL,
respectively. In Cs,HfFg:Mn*™* the 2E — *A, electric dipole transition is
forbidden because Mn** is located on a site with inversion symmetry
(Hf** site with D34 symmetry). As a consequence, the zero-phonon
emission (ZPL) is very weak (see Fig. 3c). The transition however gains
intensity by coupling to asymmetric (ungerade) vibrational modes in the
MnF;~ center [34,35]. Asymmetric vibrational modes induce odd-
parity crystal field terms that mix some odd-parity states into the even-
parity (gerade) Mn** 3d® states (in Cs,HfFs:Mn*" all 3d® states have
gerade symmetry as Mn* " is located on a site with inversion symmetry).
Due to this mixing the 2E — *A, transition becomes partly electric di-
pole allowed. The vibrational modes of the MnF2~ ion that have un-
gerade symmetry are the v3(Tq,), v4(T1,) and vg(Ts,) modes [36,37].
Hence, the most intense emission lines in Fig. 3c are assigned to *E —
“A, transitions coupling with these vibrations. Thermal population of
these phonon modes at room-temperature allows the transition to
couple with phonons in the excited state (giving rise to the anti-Stokes

Fig. 2. (a) Powder X-ray diffraction (XRD) pattern of
Cs,HfFg:Mn** (black) and reference pattern of
Cs,HfFg (red lines, PDF 04-008-3370). The S marks a
diffraction peak originating from the aluminum
sample holder. (b) Crystal structure of Cs,HfFg
(P3m1 space group). The distorted HfFZ~ octahedra
(c,d) SEM images of
Cs,HfFg:Mn** phosphor particles. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the web version of this ar-
ticle.).

have been accentuated.
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Fig. 3. (a) Room-temperature PL excitation (blue,

Y
ZPL

Aem = 632nm) and emission (red, Aexe = 470 nm)
spectra of Cs,HfFg:Mn** (1.9%). The emission and
excitation bands/lines are assigned to corresponding
transitions in the d® Tanabe-Sugano diagram. (b)
Tanabe-Sugano energy level diagram of the d* elec-
tron configuration in an octahedral crystal field (C =
4.5B). The ‘A, — *T;, “A, — “T, and %E — “A,
transitions of Mn*™* are indicated by the purple, blue
and red arrows, respectively. Note that the excitation

transitions are displaced for clarity. For a specific
coordination all transitions take place around the
same crystal field. The energy of the ‘A, — T,
transition equals the crystal field splitting Ao (or 10
Dq). (c) Enlarged emission spectrum showing the
zero-phonon line (ZPL) and (anti-)Stokes vibronic ’E

680

— “A, emissions of Cs,HfFe:Mn**. (d) PL decay
curve of the Mn** emission in Cs,HfFs:Mn** (1.9%)
(Aexe = 470 nm, Ao, = 632 nm and T = 298 K). The
decay time corresponding to the mono-exponential
fit (red line) is 4.5 ms. (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the web version of this article.).
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lines) while transitions to these phonon modes in the ground state can
occur at all temperatures (Stokes lines). As a result, both anti-Stokes
and Stokes vibronic emissions are observed in the room temperature PL
spectrum.

To further understand the luminescence properties of Mn** in
Cs,HfF¢ we analyze the positions of the Mn** excitation bands. The red
Mn** luminescence of Cs,HfFg:Mn** has two broad excitation bands
with maxima at 367 and 477 nm, respectively (Fig. 3a). These bands are
assigned to the Mn** A, — *T; (*F) and *A, — *T, transitions (violet
and blue arrows in Tanabe-Sugano diagram in Fig. 3b). The A, — *T,
excitation band shows good overlap with the blue emission of (In,Ga)N
LED chips. At wavelengths shorter than 300 nm, another broad ex-
citation band is visible. This band is assigned to the F~ — Mn** charge-
transfer (CT) transition [15,34]. Besides the broad *A, — T;, ‘A, —
“T, and F~ — Mn** CT excitation bands, the PL excitation spectrum
exhibits some weak excitation lines around 600 nm which are assigned
to Mn** “A, — 2E and *A, — 2T; transitions. These transitions are spin-
forbidden and therefore low in intensity relative to the spin-allowed “A,
— *T; and *A, — “*T, transitions. Since the “T; and “T, states have a
different electron configuration than the “A, ground state (t3e versus
t3), there is an offset between the potential curve equilibrium positions
of the “A, ground state and the 4T1,2 excited states. As a consequence,
the “A, — “T; and “A, — *T, excitation bands are broad (large Huang-
Rhys parameter [32]) and their transition energies are sensitive to the
strength of the crystal field (see Fig. 3b). If we compare the energy of
the *A, — T, excitation band in Cs,HfFs:Mn*™" to the energy of this
band in other Mn**-doped fluoride phosphors, we see the influence of
the crystal field splitting on the *T, and *T; levels. In Cs,HfFs:Mn** the
maximum of the A, — *T, band is at 477 nm, where e.g. for
K,SiFg:Mn* " it is centered around 450 nm [17,34]. The ionic radius of
Hf** (r = 0.71 A) is significantly larger than the ionic radius of Si** (r
0.40 A) [38] and therefore the Mn-F distance is longer in
Cs,HfFe:Mn**. This results in a weaker crystal field splitting, causing
the *T, state to be at lower energy in Cs,HfFs:Mn** when compared to
K,SiFg:Mn* ™.

For applications in lighting it is important that the luminescence of
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Cs,HfFe:Mn*" has a high PL quantum efficiency (QE). The QE is de-
fined as the ratio between the number of emitted and absorbed photons.
We measured the QE of several Cs,HfFs:Mn** phosphor samples by
using a calibrated set-up with an integrating sphere (see Experimental
Section). The Cs,HfFg:Mn*™ phosphors presented in this work exhibit
quantum efficiencies of 80-90% and therefore have a much higher QE
than the Cs,HfFg:Mn** phosphors reported by Yang et al. [26], which
showed a QE of ~60%. The high QE of 80-90% gives Cs,HfFg:Mn**
large potential for application, especially since so far no optimization of
the synthesis method has been done. Given that the QE is very high, it is
expected that the PL decay of the Mn** emission is mainly radiative.
The PL decay curve of Cs,HfFg:Mn** in Fig. 3d shows a mono-ex-
ponential decay, confirming the decay of the °E excited state is mainly
radiative. The fitted decay time is 4.5 ms, which is a typical radiative
lifetime for the parity- and spin-forbidden %E — “A, transition of Mn**.
The Mn** emission lifetime of Cs,HfFg:Mn*™* is shorter than the life-
time of most other Mn**-doped fluorides, which usually exhibit an
emission lifetime of 5-8 ms [19,24]. An explanation for the shorter ’g
lifetime in Cs,HfFs:Mn*™ is the stronger relaxation of the spin selection
rule by admixture of the *T, excited state into the ?E excited state
through spin-orbit coupling. Due to the low position of the *T, state in
Cs,HfFg:Mn**, the 2E-*T, gap is small and the mixing of “T, into %E
through spin-orbit coupling will be stronger compared to other Mn**-
doped fluorides.

3.3. Energies of the Mn** levels and vibrational modes

To accurately determine the energies of the Mn** levels in
Cs,HfFs:Mn**, we recorded and analyzed high-resolution PL spectra
for Cs,HfFg:Mn*™ at T = 4 K. At cryogenic temperatures there is less
thermal broadening of emission and excitation bands and therefore
zero-phonon lines (ZPLs) may be observed. These lines give the energies
of the purely electronic transitions to the Mn** excited states.
Furthermore, with reduced thermal broadening we can study the vi-
bronic fine structure of the Mn** emission and excitation bands and
thereby obtain the vibrational energies of the MnF;~ group.
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Fig. 4. PL excitation (blue, Ae, = 630 nm) and emission (red, Aexe = 472 nm) spectra of
Cs,HfFg:Mn** at T = 4 K. For the excitation spectrum only the spectral region of the Ay
— 2T; and *A, — %E transitions is shown. The v4 and v excitation and emission lines
show a splitting due to the Daq site symmetry for Mn** in Cs,HfFg:Mn**.

Fig. 4 shows low-temperature (T = 4 K) spectra of the 2E — “A,
emission and “A, — 2T;,%E excitations of Cs,HfFg:Mn*™. In the emis-
sion spectrum we observe the ZPL of the E — “A, transition at
621.4 nm, which means the energy of the 2E level is 16,093 cm ™. As
expected the ZPL of the opposite “A, — 2E transition is found at the
same energy in the excitation spectrum. The %E energy of Cs,HfFg:Mn**
is similar to the %E energies observed for other Mn**-doped fluorides
[18,39].

In line with the luminescence properties at room temperature, the
4 K emission spectrum of Cs,HfFg:Mn** is dominated by vs, v4 and v
vibronic 2E — “A, transitions of Mn*". However, at 4K there are no
anti-Stokes vibronic emissions as no phonon states are occupied in the
2E excited state. Because of the Dsq site symmetry for Mn** in
Cs,HfFg:Mn**, the triply degenerate v3(T1,), v4(T1y,) and v(T5,) modes
(in Oy, symmetry) split into a singly and a doubly degenerate mode
[36,37]. The modes with T;,, symmetry split into an A,, and E, mode
and the T, mode splits into an A;, and E, mode. At 4 K this splitting is
visible in the v4 and v emissions but not observed in the v5 peak, where
it can be obscured due to broadening of the individual A,, and E,
emission lines.

From the emission spectrum we determine the energies of the
asymmetric vibrational modes. The results are summarized in Table 1.
The vibrational frequencies found for Cs,HfF «:Mn* " are very similar to
those reported for Cs;MnFg by Chodos et al. [40], which for comparison
have also been listed in Table 1. Besides the intense v3, v4 and v peaks,
several other weak vibronic emissions are present in the emission
spectrum of Cs,HfFg:Mn** (see Fig. S2). The weak emission lines be-
tween 620 and 630 nm are assigned to coupling with rotatory or
translatory lattice modes [37]. The emission line at 642 nm (514 cm ™!
relative to the ZPL) is attributed to the symmetric v5(Eg) mode of the
MnF2~ group, as this mode has an energy of ~ 500 cm ™' in Cs,MnFg
and other Mn4+-doped fluorides [16,40]. Furthermore, all peaks at
wavelengths longer than 650 nm are ascribed to combinations of the v5
mode with other vibrational modes [17]. Emissions due to coupling of
the electronic transition with the symmetric (gerade) v, and vs modes of
the MnF2~ ion are not observed in the spectrum. The v; and vs modes
have energies of ~ 600 and ~ 300 cm™ Y respectively [16,40]. As
coupling with symmetric modes does not break the parity selection
rule, these vibronic lines are expected to be very weak and are therefore
probably obscured by the stronger v3 and v4 peaks.

Table 1

Vibrational mode energies (cm™?) of the MnF2~ group in Cs,HfFg:Mn** (determined
from the vibronic lines in Fig. 4) and Cs,MnFg at T = 4 K. The data of Cs,MnFj is from
Ref. [40].

Compound vs v4(Asy) v4(Ey) V(A1) ve(Eyw)
CSszFsan4+ 623 318 342 217 243
CsoMnFg 633 332 338 228
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Like the E — “A, emission, the *A, — 2E excitation gains intensity
by coupling with asymmetric vibrational modes. The vibrational mode
frequencies of the %E excited state will be approximately the same as
those of the “A, ground state. As a consequence, the “A, — 2E spectrum
should be a mirror image of the E — “A, emission. The excitation
spectrum in Fig. 4 confirms that this is indeed true for Cs,HfFg:Mn**.
At shorter wavelengths peaks due to *A, — 2T; transitions are visible in
the excitation spectrum. It is difficult to locate the ZPL of the A, — 2T,
transition because of overlap with the stronger vibronic *A, — %E ex-
citation lines. We estimate the ZPL to be at 589 nm which gives a °T;
level energy of 16,978 cm ™ 1.

At higher energies we find the transitions to the Mn** *T; and *T,
states. A low-temperature spectrum (T = 4 K) of the *A, — *T; and “A,
— T, excitation bands of Cs,HfFg:Mn** is shown in Fig. 5a. At room-
temperature these transitions give rise to broad featureless bands (see
Fig. 3a), but now at 4 K a well-resolved fine structure is observed in the
4A, — *T, excitation band. The *A, — *T, band shows a vibronic
progression with an energy spacing of ~500 cm ™. Similar progressions
were observed in the *A, — *T, band of K,SiFe:Mn* ", K,TiFg:Mn** and
K,GeFg:Mn*™ [15,16,34]. There is debate about which vibration is
responsible for the vibronic progression in the “A, — *T, band. Adachi
et al. ascribe the vibronic progression to the symmetric v,(Eg) mode of
the MnFZ~ ion [17,41]. This mode has an energy of 514 cm ™! for
Cs,HfFg:Mn* ", which is in good agreement with the progression spa-
cing of ~500 cm™!. Other works however assign the vibronic pro-
gression to the symmetric v1(A;g) stretching mode [15,16,34]. The
energy of the 11 mode in the *A, ground state is ~600 cm ™, which is
somewhat larger than the progression spacing of ~500 cm ™. Paulusz
[34] attributes this energy difference to a weakening of the Mn-F bond
in the “T, excited state due to the presence of an electron in the anti-
bonding e, orbitals [34]. However, the energy difference between the
vibrational modes of the ground and excited states is typically much
smaller than 100 cm ™. For example, in MgFy:Eu®* the vibrational
frequencies of the Eu?* 4f°5d" excited state and 4f” ground state differ
only 0-30 cm ™! [42]. We therefore assign the vibronic progression in
the “A, — “T, band to the v, mode of the MnF2~ group.

To obtain the energies of the *T; and “T, states, we have to locate
the ZPLs of the *A, — “T; and *A, — “T, transitions. In many works
these ZPLs are located by fitting Poisson distributions to the room
temperature excitation spectra of Mn** [17,33,43-47]. This method
however gives too low ZPL energies because of thermal broadening of
the excitation bands at room temperature [43]. We will therefore in-
stead try to directly observe the ZPLs in a spectral measurement. Since
the “A, — 4T1)2 transitions are electric dipole forbidden, the ZPLs have
a very low intensity compared to the vibronic *A, — *T; , excitations
[16]. The ZPL of the 4A2 — 4T1 transition will therefore never be ob-
served as it is always obscured by stronger vibronic *A, — *T, excita-
tions (see Fig. 5a). The ZPL of the lower-energy A, — *T, transition has
however been measured for some compounds by low-temperature high-
resolution absorption and two-photon excitation spectroscopy [16,48].
Hence, we recorded a high-resolution spectrum of the low-energy side
of the “A, — *T, excitation band, which is shown in Fig. 5b. In the
spectrum a small peak is visible at 498.5 nm (20,060 cm ~1). Based on
previous observations, we assign this peak to the ZPL of the *A, — *T,
transition [48].

At wavelengths shorter than the ZPL arise the intense vibronic *A,
— *T, excitations. The horizontal bars in Fig. 5b give the energy dif-
ferences between the ZPL and the vibronic excitation peaks. Similar to
the E — “A, transition, the *A, — T, transition can become partly
allowed by coupling with asymmetric (ungerade) vibrational modes.
Hence, we assign the first vibronic peak at 193 cm ! to the vg(Ary)
mode of the MnFZ™ ion (see also Table 1) [16,49]. By similar reasoning
the peaks at 245 and 379 cm ™! can be attributed to the vg(E,) and
v4(E,) asymmetric vibrational modes. Alternatively, splitting of the *T,
state by the trigonal crystal field may give rise to a second zero-phonon
line and therefore the peaks at 245 and 379 cm ™! may also correspond
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a . . . . b 1.0 . . . Fig. 5. (a) PL excitation spectrum (Ae,, = 630 nm) of
1.0 | vibronic progression < — 4 Cs,HfFg:Mn** at T = 4 K. The A, — “T, excitation
? with spacing of ~500 cm™’ ? band' exhibits a v1br?1;11c progressmn w1.th an energy
2 08} _ a L 4 spacing of ~500 cm ™. (b) High-resolution spectrum
§ : g 193 cm-! of the onset of the *A, — T, excitation band for
c 4 P c cm Cs,HfFg:Mn**. The horizontal bars indicate the en-
5 06 A,—T 1 = : 4 4
8 2 1 8 05 F 245 cn-' 1 ergy differences between the zero-phonon “A; — “T
N N transition (labeled ZPL) and one-phonon vibronic
E 04 ] E 379 cm-! “A, — *T, excitation peaks.
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to vibronic replicas of a second electronic origin. The present spectral
data do not allow a definite assignment of the peaks around the onset of
the *A, — *T, excitation band. Based on these observations we con-
clude that the *A, — *T, band structure consists of a v, mode pro-
gression of “Ay — “T, + u, transitions, where v is an asymmetric
(ungerade) vibrational mode in the 4T, excited state.

The energies we have found for the various Mn*" levels can now be
used to determine the crystal field splitting 10 Dgq (or Ap) and Racah
parameters B and C. The Racah parameters (together with Dq) provide
the energies of all Mn** states and furthermore give a measure of the
nephelauxetic effect [30,39]. The crystal field splitting 10 Dq equals the
energy of the *A, — *T, transition (see Fig. 3b). In many works on
Mn** and Cr®* the maximum of the *A, — “T, band is therefore taken
as the 10 Dq energy [15,50-52]. This energy is determined by both the
electronic transition energy and the Stokes shift, related to the relaxa-
tion in the excited state. An alternative is to use the pure electronic
transition energy and to determine the 10 Dq value from the energy of
the zero-phonon *A, — “T, transition. For Cs,HfFg:Mn** we observed
the zero-phonon “A, — *T, transition at 20,060 cm ™! and the crystal
field splitting 10 Dq thus equals this energy. The Racah parameters B
and C can then be obtained with the following relations [36]:

B (AE/Dq)*-10(AE/Dq)

Dq AE _ ’
15 ( D 8) @
2.
@ = 3.05(2) + 7.90 — 1.80(2).
B Dq 2)

Here AE is the energy difference between the *T; and *T, states and
E(?E) is the ZPL energy of the 2E — “A, transition. As we did not ob-
serve the ZPL of the “A, — *T; transition, we estimate AE by taking the
energy difference between the centers of the 4Ay — *T; and *A, — T,
excitation bands (centers at 364 and 474 nm, AE = 6375 cm ™ Y). Itisa
good assumption that this difference equals the energy gap between the

Wavelength (nm)

ZPLs because the Stokes shift will be approximately similar for these
transitions. With Eqs. (1) and (2) we then find that B = 601 cm ™! and
C = 3825 cm ™ for Cs,HfFs:Mn**. For comparison, we also calculate
the Racah parameters with the maximum of the *A, — *T, band as the
10 Dq energy. With this other 10 Dq energy we obtain almost similar B
and C values of 596 cm ™' and 3832 cm ™!, respectively. The B and C
parameters we find for Cs,HfFs:Mn** are in good agreement with those
reported for other Mn** -doped fluorides [39]. Finally, with the B and C
values we can determine the f; parameter for Cs,HfFs:Mn**. This
parameter was recently introduced by Brik and Srivastava [53] and
quantitatively describes the nephelauxetic effect for Mn**. The B,
parameter is defined as follows,
—
)+

[ 2
() +(E)
where By and C, are the free ion Racah parameters. For Mn**, B,
1160 cm ! and Cy, = 4303 cm ™! [53]. By using Eq. (3) we determine

that $; = 1.03 for Cs,HfFg:Mn* ™. This is a 8; value typically found for
Mn** in fluorides [39].

B C

B 3)

3.4. Temperature-dependent luminescence properties

In most phosphor-converted LED systems the phosphor operating
temperature is far above room temperature. For example, in high-power
5 W LEDs the temperature near the LED chip can rise to 450 K [5]. It is
therefore important to study the thermal quenching behavior of po-
tential LED phosphors. The thermal quenching of the Mn** emission in
Cs,HfFe:Mn** was investigated by measuring the Mn** emission life-
time (Fig. 6a) and integrated PL intensity (Fig. 6b) as a function of
temperature between 4 and 550 K.

The Mn** emission lifetime shows a steady decrease, starting above
50 K. The decrease in lifetime starts to level off between 200 and 300 K
but then shows a rapid decrease above 350 K. To understand the pe-
culiar temperature dependence of the Mn** emission lifetime, we first

Fig. 6. (a) Temperature dependence of the Mn**

r emission lifetime in Cs,HfFg:Mn* . The solid red and
green lines represent plots of Egs. (6) and (7) re-
spectively. (b) Integrated PL intensity of
Cs,HfFg:Mn** (Aexe = 470nm) as a function of
temperature. The luminescence quenching tempera-
ture T, is 403 K. (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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look at how the radiative decay rate of the 2E state changes with
temperature. The 2E — “A, emission consists mainly of anti-Stokes and
Stokes vibronic emissions. The transition probabilities of these vibronic
emissions scale with the phonon occupation number n for anti-Stokes
vibronics and (1 + n) for Stokes vibronics. As a consequence, the
temperature dependence of the %E radiative lifetime z; is given by [36],

_ m® ()
w(M =2 )

with the phonon occupation number n increasing with temperature
according to,

1
" exp(/ksT)-1" (5)

In Egs. (4) and (5) 1 (0) is the radiative lifetime at T = 0 K, kg is the
Boltzmann constant and hv is the energy of the phonon coupling to the
2E — “A, transition. If Egs. (4) and (5) are combined it follows that 7
can be expressed as,

& (0)

() = /2T 6)

In Fig. 6a we plot Eq. (6) (solid red line) for %z (0) = 9.4 ms and hv
= 215 cm ™! (phonon energy of the intense v mode emission). It can be
seen that Eq. (6) describes the temperature dependence of the Mn**
emission lifetime up to 300 K, confirming that the decay of the %E state
is mainly radiative up to this temperature. The present (simple) model
assuming coupling with one dominant vibrational mode gives a good
description of the experimentally observed decrease in decay time be-
tween 4 and 300 K. The model could be refined by including all three
asymmetric modes, weighed for the relative intensities of the vibronic
lines to account for the difference in coupling strength. In addition, the
energy difference between the %E and *T, state shows a small variation
with temperature. This can also affect the lifetime due to partial lifting
of the spin selection rule by enhanced admixture of the *T, state
through spin-orbit coupling when the 2E-*T, gap becomes smaller.
These effects can be neglected in first approximation and it is clear that
the decrease in lifetime up to 300 K is caused by an increase in the
radiative decay rate for the Stokes and anti-Stokes vibronic lines. There
is no thermal quenching of the emission up to 300 K.

Above 350 K the Mn** emission lifetime is shorter than predicted
by Eq. (6) (see Fig. 6a). This difference is explained by the onset of non-
radiative transitions. The non-radiative transition probability quickly
increases with temperature above 350 K and as a consequence the lu-
minescence of Cs,HfFg:Mn*™ is quenched. This is confirmed by mea-
surements of the integrated PL intensity, shown in Fig. 6b. The in-
tegrated PL intensity of Cs,HfFg:Mn* ™ is relatively constant up to 350 K
but rapidly decreases above this temperature with no luminescence
remaining at 550 K. The data shown in Fig. 6b are consistent with the
temperature-dependent PL intensity previously reported for
Cs,HfFs:Mn** [26]. The luminescence quenching temperature T, the
temperature at which the PL intensity is half of its room-temperature
value, is determined to be 403 K (130 °C). Due to the luminescence
quenching above 100 °C, application of Cs,HfFs:Mn** will be limited to
low-power LED systems. To determine the activation energy of the
thermal quenching process, we fitted the data in Fig. 6a with the fol-
lowing expression [54],

w® (T)
R(T) ’
1 +(R)Exp(—AE/kBT)

w(T) =
@

where AE is the activation energy of the thermal quenching process and
Tyr is the non-radiative decay time. From the fit with Eq. (7) (green line
in Fig. 6a) we obtain an activation energy AE of 6322 cm ™', The me-
chanism for temperature quenching of Mn** emission in fluoride hosts
will be discussed in a future article.
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4. Conclusion

A new class of Mn**-doped narrow band red emitting phosphors is
introduced: Mn**-doped fluorohafnates. Single phase Cs,HfFg:Mn**
phosphor was prepared via a simple two-step co-precipitation method.
ICP-OES measurements confirmed that the Mn** ions are effectively
incorporated into the Cs,HfFs host. Under blue photoexcitation
Cs,HfFg¢:Mn** shows bright narrow red Mn** luminescence that is
centered around 620 nm. We have accurately determined the energies
of the Mn** states and MnF2~ vibrational modes in Cs,HfFg:Mn** from
emission and excitation spectra recorded at 4 K. The phosphor exhibits
high photoluminescence quantum efficiencies of 80-90% and this
combined with the narrow red luminescence under blue light excitation
makes Cs,HfFs:Mn** an interesting material for LED applications.
Cs,HfFg:Mn** can however only be used in low-power LED systems as
its luminescence is quenched above 100 °C (T,, = 403 K). In addition,
the availability and price of hafnium oxide need to be considered for the
large scale production of this phosphor. As the amount of phosphor in
WLEDs is very small (~1 mg per wLED) the total amount of phosphor is
very low (100 times less material is used in comparison to fluorescent
tubes for light generation). Based on this and the abundance of Hf in the
earths’ crust (similar to that of lanthanides as Eu presently used in
lighting), phosphors based on Hf will not cause a significant increase in
the price of wLEDs.
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