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Abstract: Phosphors activated with Mn** ion are gaining prominence in the field of solid-state lighting as generators of
red photon. In the present review, we focus on several important points that are fundamentally important to produce a com-

mercially useful phosphor. This includes an understanding of the Mn**

energy levels in the free state and in the crystal
fields and of the host dependent variations in the Mn** emission wavelength. Additionally, we formulate several practical
recommendations on how to tune the emission wavelength and emission intensity of Mn** -doped phosphors. The main spec-
troscopic parameters of the Mn** ion in more than 100 phosphor materials are collected and discussed.
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1 Introduction

1.1 Review Outline

The phosphor converted LEDs are gaining com-
mercial importance in general and specialty lighting
because of their higher efficiency and longer lifetime
relative to fluorescent lighting. Active research in
this field is being performed in many industrial and
academic research groups worldwide''™*' and refer-
ences therein. Numerous phosphor materials based
on different crystalline solids have been developed so
far. One common feature of all these phosphors is
that their performance relies on additionally intro-
duced impurities ( dopants ) , which after absorption
of a properly chosen excitation radiation can emit
light in a certain spectral range. The transition metal
and rare-earth ions are those widely used impurities.
Their unfilled d- and f-electron shells are character-
ized by a large number of electronic states, which
can be split by crystal field""? | thus giving rise to a
variety of the absorption and emission transitions in
different spectra ranges.

In the present review, we summarize the most

+

important information related to the Mn** ions ( their

electronic structure, energy levels, crystal field
effects) and crystalline solids doped with these ions
for applications as the red phosphors for white
LEDs. We start with the properties of the 3d° elec-
tron configuration, introduce the main spectroscopic
parameters that are needed to describe the optical
spectra of these materials, give a list of more than
100 phosphor materials doped with the Mn** ions
with a description of the overall trend that related the
emission spectra to the nephelauxetic effect. Very
important questions of tunability of the Mn** emis-
sion peak position and emission intensity are also ad-
dressed. Finally, we explain several misconceptions
about the Mn**

1.2 Basic Properties of Considered d’ Electron

spectra in crystalline solids.

Configuration
In this review paper, we focus our attention on
some representatives of the transition metal group
with unfilled 3d electron shell. Comprehensive re-

views of crystal field properties of the entire series of

1191 In this pa-

3d" ions series were published earlier
. . . . 3
per, attention is focused on ions with 3d” electron
! . . 2 3 4
configuration. These ions are V°*, Cr'*, Mn" ",

FGS +

solid-state lighting due to their energy level struc-

, where Cr’*and Mn** are widely used for the
tures that is optimum for the required excitation and
emission wavelengths.

Deep understanding of the optical properties of
these impurities in solids and functionality features of
the corresponding phosphors bearing these impurities
is possible only if a clear picture of the origin of all
electronic states and their interaction with the crys-

70 we pub-

talline environment is formed. Recently
lished a detailed tutorial review on the electronic
properties of the d’ electron configuration. Here we
remind the reader of the salient points that should be
kept in mind when working with such ions and which
will be frequently used in this review;

(1) There are five 3d orbitals, which have the
same principal quantum number n =3 and orbital
quantum number [ =2, but differ by the magnetic
quantum numbers m; = -2, -1, 0, 1, 2.

(2) Each orbital can accommodate not more
than two electrons, whose spin momenta in such a
case should be opposite, as is stated by the Pauli ex-
clusion principle. This gives 5 x2 =10 single-elec-
tron states in total. There are 120 ways ( different
permutations) to distribute three electrons through
these single electron states that is calculated as fol-
lows: 10! /(3! x(10-3)1) =120.

(3) The total wave functions of such configura-
tion are antisymmetric linear combinations of prod-
ucts of three single electron wave functions built fol-
lowing the quantum-mechanical rules of the orbital
momenta addition. Thorough consideration of all 120
microstates reveals that they are grouped in a way to
give rise to eight highly degenerated terms with dif-
ferent values of the total orbital momentum L and to-
tal spin momentum S.

(4) These terms are as follows(in the ***'L no-
tation) : *F (the ground term as specified by the
Hund’s rule) , ‘P, *P, *D,, D, , °F, *G, *H.
Here the superscripts “4” and “2” denote the spin-
quartet states(S =3/2) and the spin-doublet states
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(S=1/2), respectively. The letters P, D, F, G,
H stand for the values of L=1, 2, 3, 4, 5, corre-
spondingly. The subscripts “(1)” and “(2)” dis-
tinguish between two °D terms. The degeneracy de-
gree of each term is found as (2S +1) x (2L +1).
(5) Coulomb interaction between the 3d electrons
makes these terms to have different energy, which-after
careful calculations-can be expressed as simple com-

binations of the so-called Racah parameters B and

C as follows: ‘F(0), ‘P(15B), *P(9B +3C),

D, (20B +5C + /193 B°+8BC +4 C* ), D,

(20B + 5C —/193B* +8BC +4C* ), *F(24B +3C),
*G(4B +3C), *"H(9B +3C). The energies of the *P
and “H terms are equal by coincidence. Typical val-
ues of the Racah parameters B and C for the 3d” ions
in a free state are given in Tab. 1",

Tab.1 Free ion values(in cm™') of the Racah parame-

ters for some 3d’ ions

Ton B Cc
V2 766 2 855
Cr* 918 3 850
Mn** 1160 4303
Fe’* 1210 5 066

(6)Free ions’ LS terms are split into a number
of states in a crystal field. The splitting patterns de-
pend on the crystal field symmetry and can be ob-
tained by using group theory. In the cubic crystal
field, all possible split states are listed in Tab. 2.
Orbital singlet, doublet, triplet states are denoted by
letters A, E, T, correspondingly, which also stand
for the irreducible representations of the O, point
group.

In the crystal fields of lower symmetries

further reduction of the degree of degeneracy can be
Tab.2 Splitting of the S, P, D, G, G, H terms in the
cubic crystal field

Terms Split states

S (L=0) A
P(L=1) T,

D (L=2) E + T,
F(L=3) A+ T+ T,
G (L=4) AA+E+T +T,
H (L=5) E+T +T +T,

possible, until all states become orbital singlets.

(7) Three interactions are mainly responsible
for the formation of energy levels of the d ions in sol-
ids. In the order of the decreasing magnitude they
are as follows: (1)the Coulomb interaction between
electrons in the unfilled d shell, which produces the
LS terms of free ions; (i) the crystal field splitting
of the free ion’s LS terms, and (ili) spin-orbit inter-
action, which produces the fine structure of the split
crystal field levels.

(8) Quantitative calculations of the crystal field
splittings are possible within the crystal field theory.
The Tanabe-Sugano diagrams show variation of the
split energy levels depending on the crystal field
strength denoted by Dg. In these diagrams, the en-
ergy of the ground state is always taken as zero; the
crystal field symmetry is cubic ( which corresponds
either to the octahedral or tetrahedral coordination of
the impurity ions). The horizontal axis is the Dg/B
ratio, the vertical axis is the E/B ratio, where E is
the energy of a particular state, and B is the Racah
parameter. For the d’ ions in the octahedral environ-
ment the separation between the *A, and *T, states is
equal to 10Dg. All notations in Fig. 1 come from
Tab. 2.

EIB
70

o

Fig.1 Tanabe-Sugano diagram for the d* electron configura-
tion in the octahedral crystal field. C/B =4.5. The
spin-quartet and spin-doublet states are shown by the

solid and dashed lines, respectively.

(9) It is important to note that at the value of
Dq/B =2 there is a change of the first excited state.
When Dq/B >2, the absorption spectra are domina-
ted by two broad spin-allowed transitions *A,—*T,
and *A,—*T, (blue upward arrows in Fig. 1). After

non-radiative relaxation shown by the dashed arrows,



1014 K ot

S ¢ 4B

sharp spin-forbidden transition ascribed to the
*E —*A, transition (red downward arrow ) takes
place. If Dg/B <2, the absorption spectra are still
formed by the same above-listed transitions, but in
the emission spectra a broad band appears, which is
due to the *T,—*A, transition. In the vicinity of the
point of intersection of the *E and *T, states both
types of the emission transition occur, which can
give rise to interesting phenomena discussed below.

(10)The Dg, B and C parameters can be easi-
ly evaluated from the d’ ions experimental spectra,
using the energies E (*T,), E (*T, (*F)) and
EC’E) of the *T,, *T,(*F) and °E states:

E(*T,) = 10Dq, (1)
AE\ AE
a5 _ 10025
P
Dqg ~ 1S(AE ) ’
== -8
Dq
EC’E) _ 3.05C _1.80B
2 = 3 +7.90 Dy (3)

where AE = E(*T,(*F)) -E(*T,)"".

This information presented in the form of the
bullet points creates the minimal necessary back-
ground for the discussion, clarification and explana-
tion of the main spectroscopic properties of the Cr’*

and Mn** ions doped phosphors.

2 Mn*" Ions for White LEDs

2.1 General Concepts

Discovery of blue light emitting diodes ( LED)
based on GaN or InGaN'*?"" allowed to produce
bright, efficient and durable sources of white light.
The first white LEDs were based on GaN blue LED
chip emitting at 450 nm combined with the yellow
phosphor Y;AL,0,,: Ce’* (Fig. 2). The latter par-
tially absorbs blue light and converts it into broad
yellow emission that is due to the Ce’* 5d-4f transi-
tion. This emission when blended with the blue light
of LED produces white light.

The main parameters that characterize white
LEDs are the color correlated temperature ( CCT )
and the color rendering index (CRI). The CCT is
the temperature of the ideal black body radiator that

emits light with the spectral distribution approximating

a given white LED spectrum in the best way. The
higher CCT values(5 000 —6 000 K) are character-
istic of somewhat “bluish” white light, which is
called “cold white light”. The lower CCT values
(3000 -4 000 K) correspond to the “yellowish”,
or “warm white light”. The warm white light LEDs
are more popular for living interiors, while the cold
white light LEDs are more often used for the office
spaces. The CRI indicates ability of the light source
to reproduce true or natural colors of the objects. By
definition, the sun light has the highest CRI of 100.

However, due to the lack of red emission in the
original white LEDs spectra( compare the relative in-
tensities of the blue, yellow, and red emissions in
Fig.2) , the white light generated has rather low CRI
( ~76) and rather high color correlated temperature
( ~6 200 K)'" | and is perceived by the human
eye as the “cold” white light.

Addition of some red phosphor to such white
LED would significantly improve the white light
characteristics. One of the best red phosphors,
which has already found numerous commercial appli-
cations, is K,SiFg: Mn**"?) Recently, a large
number of other Mn"* -doped hosts have been repor-

ted, many of them are listed in Refs. [ 14,28-30].

Blue part of the
visible spectrum

[ Blue LED

Yellow part of the

visible spectrum

Red Ipznl of the
visible spectrum

IS

7

p

=z

//l,

Normalized intensity

7%

Lt \ | | | Pt
400 450 500 550 600 650 700 750
A/nm

Fig.2 Emission spectrum of a white LED based on the In-
GaN blue LED and Y;Al,0,,: Ce’* yellow phosphor

Why are the Mn**-doped phosphors so attrac-
tive? Some reasons are listed here :

(1) Mn is cheaper than the rare-earth activa-
tors, therefore, the cost of the LEDs mass produc-
tion with the Mn** -based red phosphors can be sig-

nificantly reduced if compared with the rare-earth
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ions based phosphors.

(2)The energies of the Mn** *A,—*T, and *A,—
*T, transitions correspond to the blue light ( ~ 450
nm) and ultraviolet(UV) light (~330 -380 nm).
This allows to use the blue and UV LEDs as the
direct excitation sources for this activator.

(3) Due to the direct excitation to the Mn**
states, the energy losses are minimized (if the impu-
rity is excited by the energy transfer from the host af-
ter over-band-gap excitation, efficiency of such en-
ergy transfer is the crucial factor).

(4) Mn** ions are always described by the
strong crystal field case, i. e. emission is always due
to the sharp spin-forbidden *E—*A, transition.

(5) The emission energies of the “E—*A, tran-
sition can be tuned in a very wide range, from ~
620 nm to ~720 nm'”' | by changing the crystalline
host, which opens numerous possibilities for tuning
emission color from red to deep-red.

(6) The *E—*A, emission is very sharp, with
the full width at the half maximum of a few nm only,
which ensures color purity—a very important param-

eter for the display applications.

(7) Plenty of host materials can accommodate
the Mn**

substitution the tunability of the Mn** red emission

ions, and with partial cation and/or anion

is greatly enhanced.
2.2 Host Materials

All host materials that can be doped with the
Mn*" ions can conditionally be divided into three
This

classification may not be necessarily correct from the

groups: oxides, fluorides and oxyfluorides.

pure chemical point of view. It is based rather on
the type of ligands surrounding impurity, which can
be either oxygen or fluorine anions. An interesting
intermediate case of oxyfluorides is also existing, but
the number of such compounds is not yet as large as
the number of the conventional oxide or fluoride
phosphors.

Tab.3 -5 list a large number of solids( divided
into the groups conditionally referred to as fluorides,

** jons that

oxides, oxyfluorides) doped with the Mn
have been reported in recent publications. The val-
ues of the crystal field strength Dg, Racah parame-
ters B and C and the energetic position of the emit-

ting *E energy level are all given.

Tab.3 Spectroscopic parameters of Mn** ions in fluoride phosphors. Dg is the crystal field splitting, B and C are the

Racah parameters, E(’E) is the ZPL position, all these values are in cm~

1

Host Dq B C ECE) Ref. Host Dq B C ECE) Ref

BaGeFg 2 128 609 3785 16038 [31] K, GeFy 2123 593 3824 16 050 [47]

BaSiFg 2 141 568 3879 16 050 [32] K, GeFy 2 150 590 3831 16 050 [48]

BaSnF 2141 529 3996 16129  [33] K, LiAlF, 2150 574 3849 16000  [49]

BaTiFg 2 128 609 3789 16 050 [34] K, LiGaFy 2150 582 3847 16051 [50]
Cs,BAIF,(B=K, Rb) 2174 557 3930 16 129 [35] K, MnF 2183 604 3821 16129 [51]
Cs, GeF 2200 480 4074 16028  [36] K, NaAlFg 2165 600 3815 16078  [52]

Cs, HfF ¢ 2006 601 3825 16093 [37] K, NaGaF, 2133 595 3837 16104 [53]

Cs, MnFg 2 136 534 3942 16 000 [38] K, NaScFg 2134 541 3950 16 077 [54]

Cs, NaScFy 2 105 568 3874 16 026 [39] K, NaScFg 2132 562 3929 16 155 [39]

Cs, SiF, 2174 557 3895 16021  [40] K, NbF, 2141 521 4013 16129  [55]

Cs, SnFy 2101 589 3830 16 042 [41] K, SiFy 2 390 770 3435 16 100 [48]

Cs, ZrFg 2 105 601 3816 16077 [42] K, SiFy 2 200 605 3806 16 091 [56]

Cs; AlFg 2 141 585 3834 16025 [43] K, SiFy 2197 599 3750 15873 [57]
KNaMF, (M =Nb, Ta) 2 105 635 3757 16 129 [44] K, TaF; 2 166 551 3955 16160 [58]
KTeF 2174 557 3930 16120 [45] K, TiFg 2 105 635 3714 16 000 [59]

KZnF, 2 105 607 3785 16 026 [46] K, TiFg - BaF(HF,) 2 160 540 3995 16 207 [60]
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Tab. 3 ( Continue )

Host Dq B C ECE) Ref. Host Dq B C ECE) Ref

K, GaF, 2141 619 3808 16181 [61] Na, TiF 2092 554 3940 16207 [75]
K;ScFg 2128 551 3918 16051  [62] Naj AlF 2151 617 3795 16129  [76]

K, ZiF, 2128 584 3871 16129 [63] Na, GaF, 2151 600 3791 16 000 [77]
LiSrAlF 2151 504 4070 16181  [64] Na; HTiF 2161 645 3736 16140  [78]
LiSrGaF, 2141 455 4183 16181 [65] Rb, CsSiF; 2222 588 3815 16000 [79]
Liy sNa, 5SiFg 2128 455 4167 16129  [66] Rb, GeF 2153 570 388 16078  [80]
Li,Na, AL F,, 2141 536 3902 15898  [67] Rb, KAIF, 2174 557 3930 16129  [35]

Li;Na, Ga,F,, 2146 548 3964 15923  [68] | Rb,MF,(M=Ti,Zr) 2105 635 3757 16129  [81]

(NH, ), NalnF 2128 536 3938 16 000 [69] Rb, NaScF, 2174 565 3902 16 103 [39]
(NH, ), NaScF 2110 571 3882 16077  [70] Rb, SnF, 2137 573 3894 16129  [82]
(NH, ) 5 AlFg 2132 562 4006 16 393 [71] Rb; AlF 2 141 593 3866 16 181 [83]
NaKSiF 2222 588 3857 16129 [72] Rb; SiF, 2222 588 3823 16026 [84]
Na, GeFy 2174 557 3956 16 207 [73] ZnSiFg - 6H,0 2174 590 3779 15 898 [85]
Na, SiF 2174 775 3475 16207  [74] ZnSiFg + 6H,0 2174 557 3846 15873  [86]
Na, SnF 2 101 589 3873 16171 [41] ZnTiFg - 6H,0 2 141 568 4031 16129 [87]

Tab.4 Spectroscopic parameters of Mn** ions in oxide phosphors, all notations are the same as in Tab. 3, the hosts

with questionable Racah parameters B and C are highlighted

Host Dq B C ECE) Ref Host Dqg B C ECE) Ref
14 950 Gd, MgTiO, 2066 997 2514 14685 [106]

AL 0, * 2170 900 2800 [88]
’ 14 866 LaAlO, 2123 695 2941 14034 [107]
BaLaZnTaOy 1980 660 3138 14388  [89] LaTiShO, 2062 876 2752 14641  [108]
BaTiO, 1780 738 2820 13862  [90] La,Ti;0,, (Til) 1880 518 3387 14164 [109]
Ba, GANbO, 1931 1278 1904 14513  [91] La,Ti; 0, (Ti2) 1727 514 3184 13498 [109]
Ba, LaNbOg 1780 670 3290 14679  [92] a-LiAlO, 2345 729 3139 14925 [110]
Ba, CaWO, 2139 781 2924 14 705 [93] LiMgBO, 2260 1311 3369 15060 [111]
CaAl,0, 2500 520 3700 15198  [94] Li, ¢Na,,TiO; 2000 1169 2204 14728 [112]
CaAlj, 049 2132 807 3088 15244  [95] Li, Ge, O, 2222 588 3253 14286 [113]
CaAl,, 0, 2146 750 3245 15243  [96] Li, TiO, 1905 1058 2428 14706 [114]
CaLigLa,Nb,0;, 2041 935 2443 14065 [97] Li, Mg, NbOg 2110 828 2954 14970 [115]
CaMg, Al 40, 2137 737 3247 15267  [98] Li; Mg, TaOg 2083 757 3163 15129 [116]
CaYAIO, 2000 879 2808 14814  [99] LigCaLa,Sh,0;, 2045 1250 2174 14285 [117]
CaZr0y, 1850 754 3173 15054  [100] MgAl, 0, 2283 800 3157 15361 [118]
CaLaMgNbO, 1984 905 2603 14347 [101] MgO 1868 722 3483 2500 [119]
Ca, LuTa0y 1961 933 2812 15152  [102] Mg, TiO, 2089 790 3172 15193  [120]
CayGd, W,0,, 2105 892 2530 14084 [103] NaGdCa, W,0,, 2066 847 2833 14706 [121]
Cay WO, 2178 941 2581 15036  [93] NaLaCa, W,0,, 2083 798 2745 14124 [121]
Cayy Al Zng Oy 2174 751 2780 13947  [104] NaLa, SbOj 2024 1243 1866 14144 [122]
CayyGayZngOy 2140 683 3020 14285  [105] PbTiO, 1500 780 2890 14236 [123]
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Tab. 4 ( Continue )
Host Dq B C ECE) Ref. Host Dq B C ECE) Ref
SrAl; BO, 2128 567 3573 15504  [124] 15 361
St)MgAl,, 0, 2126 802 3069 15151 [125] Sty Alyy Ops * 225 79 3172 15384 [131]
. 15 457
SrTi0, 1821 735 2812 13827 [126]
Sry Al O 2222 794 3232 15337 [132]
Sr, CaWO, 2150 892 2623 14925  [93]
Sry Gd, W, 0,, 2041 697 3158 14706 [133]
Sr, GdSbO
2 GdShOg 1976 826 3107 15385 [127] Ti0, anatase 1830 735 2816 13846 [134]
Sr, LaShO, 2000 879 2702 14814 [128] YAIO, 2100 720 3025 14450 [135]
Sr; YNbOg 1952 885 2912 15152 [129] Y,Sn, 0, 2100 700 3515 15563 [136]
Sr, Al 0,5 2222 680 3397 15361 [130] Y, Ti, 0, 2000 600 3500 14956 [136]

* Multicenters and/or various data reported

Tab.5 Spectroscopic parameters of Mn** ions in oxyfluoride phosphors, all notations are the same as in Tab. 3

Host Dq B C ECE) Ref Host Dq B C ECE) Refl
BaNbOF; 2083 433 4160 15948  [137] K, MoOF, 2105 553 3951 16155  [144]
BaTiOF, 2155 577 3793 15848  [138] K, WOF, 2128 609 3823 16155 [145]
CsMoO, Fy 2137 511 3995 16000 [139] LiAL, Og F 2185 475 3791 15129 [146]
Cs, NbOF; 2110 540 3937 16026 [140] MFG * * 2380 700 3416 15576  [147]

KNaWO,F, 2088 526 4004 16129  [141] Na, WO, F, 2083 502 4069 16155 [148]
K,[MoO,F,] - H,0 2123 510 4039 16129 [142] Rb, NbOF 2151 584 3852 16077 [149]
K,HF, WO, F, 2151 83 3340 16920 [143] Sr,S¢0, F 1923 736 2965 14347  [150]

* *3.5Mg0-0. 5MgF,-GeO,: Mn**

It can easily be seen that in the fluorides the *E
level is generally located higher than in the oxides.
Such an observation has been made earlier'”’ , and it
is attributed to a weaker nephelauxetic effect( weaker
covalency) in fluorides. Fig. 1 shows that the emit-
ting “E level is practically independent of the crystal
field strength Dg. On the other hand, the energetic
separation between the °E and ‘A, states in the crys-
tal field is very close to the energy interval between
the >G and *F terms of a free Mn** jon( these are the
terms, where the E and *A, levels come from-see
Fig. 1), which depends on the Racah parameters B
and C only. Since-due to the nephelauxetic effect-
the Racah parameters for the impurity ions in solids
are reduced (and often quite considerably ), when
compared to their free ion’s values, and the magni-
tude of such reduction varies to a great extent in dif-
ferent solids due to peculiarities of the chemical
bonds formation, the °E level position depends
mainly on the B and C values. As a consequence,

in highly ionic fluorides, the values of the Racah pa-

rameters B and C are generally greater than in more
covalent oxides ( Tab. 3 and 4 ), leading to a blue
shift of the *E level. An interesting case is formed
by the solids with mixed anion composition, like
oxyfluorides ( Tab. 5). Since the oxyfluorides com-
bine the fluorides ionicity and the oxide covalency,
their emission maxima are positioned between those
corresponding to these two large groups of materials.

As a quantitative measure of the covalent effects
in the Mn** -doped crystalline solids, we introduced
a non-dimensional parameter 8, , which indicates de-

gree of reduction of the Racah parameters B and
CL8.100]

S I
where B, C(B,, C,) are the Racah parameters of
the corresponding ions in a crystal ( free state) , re-
spectively. It appears that the position of the *E en-
ergy level is a linear function of this parameter 3,.

This linearity follows from the properties of the
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Tanabe-Sugano matrices for the d’ electron configu-
Fig. 3 illus-

trates this linear trend. All data points shown in this

ration, as was derived in Ref. [ 151].

figure are taken from Tab. 3 — 5 ( several entries,
which are shown in bold, are omitted, because the
reported values of B for those materials exceed the
free ion value, thus indicating some problems with
the experimental spectra treatment). All data points
shown in Fig. 1 were fitted to the linear equation,
which was obtained as follows:

EC’E) =-1140.7 + 16577.18,, (5)
the root-mean-squared deviation o between the cal-
culated from Eq. (5) and experimental positions of
the *E level was found to be 359 em ™', Two dashed
straight lines in Fig. 3 represent the linear function
from Eq. (5) shifted upward and downward by this
value of . Then nearly all data points are located
within this “corridor” marked by the dashed lines.
Deviation from the fitting line of Eq. (5) shifted by
+ 0 can be explained by difficulties in assigning the
zero-phonon line (ZPL) of the *E—"*A, transition,

which is often masked by the vibronic transitions.

~1140.7+16577.18,
-1140.7+16577.1B40 ,
170001 ™ Fluorides KHEWOF, &
T > Oxides A 4
E 16500 a Oxyfluorides .
T 16000F -
2 SrALBO, .
= 15500 & ~1140.7+16577.18-c
> 2 CasLuTa0,
£ 15000 e
3 > Li;TiO,
g 145001 Gd,MgTiO
Z 14000- LD
2 GaLigLa;Nb,0,,
13500 - ‘ ‘ J
0.85 0.90 0.95 1.00 1.05 1.10
B
Fig.3 Dependence of energy of the Mn'* >E level on the

new nephelauxetic ratio 8,

2.3 Tunability of The Mn** Emission in Crys-
talline Solids

Analysis of data from Tab. 3 =5 and Fig. 3
shows that the position of the *E emitting level varies
from 13 498 ¢cm ™' (741 nm) in La,Ti,0,, to 16 920
em ™' (591 nm) in K,HF,WO,F,. In other words,
by choosing a proper host, it is possible to tune the
Mn** emission from nearly orange color through deep
red to the infrared spectral range, which creates a

lot of opportunities for various applications.

The Mn**-doped phosphors with emission at
around 620 nm are very good for the solid-state light-
ing applications, since such emission is character-
ized by a greater spectral overlap with the human eye

e . 152
sensitivity curve' ™

, whereas the deep-red emitting
phosphors are more suitable for the agricultural ap-
plications as a good light source for effective and fast
plant growth!"™*.

Based on the data presented in this review, it is
possible to formulate the following rules that can help
in choosing proper hosts for the selected applica-
tions :

(1) If red photons in the wavelength range of
600 — 630 nm are needed, then highly ionic fluor-
ides should be considered for doping with the Mn**
ions.

(2)1If red photons in the spectral range between
630 nm and 700 nm are required, then highly cova-
lent oxides should be chosen to accommodate the
Mn** ions.

(3) If the local symmetry of the Mn*" site is
perfectly octahedral (which means the p-states of lig-
ands and d-states of the Mn*" ions are directed along
the same axis) , lowering of the *E level is anticipa-
ted due to increased overlap of the above-mentioned
wave functions, that leads to a more considerable
decrease of the Racah parameters B and C.

(4)1f the local symmetry of the Mn** site is not
perfectly octahedral, then the overlap of the p-states
of ligands and d-states of the Mn** ions is de-
creased, thus leading to the weaker nephelauxetic
effect, greater values of the Racah parameters B and
C and, as a result, upward shift of the emitting
Mn***E level.

(5) External hydrostatic pressure causes de-
crease of the interionic distances. As a result, this
will be accompanied by an increase of the overlap
integrals and enhanced nephelauxetic effect. The
values of the Racah parameters B and C will be fur-
ther reduced leading to a slight red shift of the
*E—*A, emission transition.

(6) The so-called

lead to a similar result. “Chemical” pressure can be

“ . ”
chemical 7 pressure can

produced by partial cation or anion substitution
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(especially with greater ionic radii) , after which the
neighboring chemical bonds will shrink-similar to the
hydrostatic pressure. The only difference between
these two phenomena is that the “chemical” pres-
sure affects only nearest neighbors around the ion
with a greater ionic radius, whereas the hydrostatic
pressure acts upon the whole sample.

(7) Fabrication of the Mn-containing nano-sized
crystallites gives opportunities to design an exciting
class of red luminescence materials showing quantum
confinement. The emission color can be tuned by
choosing proper size of the crystallites.

2.4 Enhancement of The Mn** Emission Inten-
sity in Crystalline Solids

An efficient phosphor for the solid-state lighting
should produce bright emission after suitable excita-

tion. When it comes to the Mn**

emission spectra,
they typically consist of several closely located sharp
lines ascribed to the *E —*A, transition. One of
these individual peaks corresponds to the zero-pho-
non line, the peaks at the higher/lower energy side
of it-to the anti-Stokes and Stokes vibronic transi-
tions, respectively. As an empirical rule, intensity
of the Stokes peaks is higher than the ZPL and anti-
Stokes peaks ( relative intensity of these peaks de-
pends on the strength of the electron-vibrational in-
teraction, normal mode energies eic). An important
question is how to identify the ZPL position. The fol-
lowing example explains this in detail.

Fig. 4 shows the emission spectrum of NaKSiF:
Mn** [192)

To find the ZPL location, it is necessary to plot

Stokes peaks
7ZPL-219 NaKSiFsMn*
ZPL

s ZP1.-345
\:, anti-Stokes peaks
2 ZP1+219
=

ZPL+348

I 1 L

1 1 1
15200 15400 15600 15800 16000 16200 16400 16600
Energy/cm™

Fig.4 Emission spectrum of NaKSiF,: Mn**!"2l The ZPL

position and the Stokes/anti-Stokes peaks are indicated.

the emission spectrum in the energy scale. Then by
looking at the spectrum, one has to identify the peak
(it may have a very low intensity, sometimes really
almost zero) , whose position serves as a symmetry
point, about which positions of all other peaks in the
spectrum become the mirror images of each other. It
should be emphasized that the “mirror symmetry”
should not be understood literally in this case; the
matched peaks intensities are not supposed to match
each other, but their positions must differ by approx-
imately the same amount of energy, taken with dif-
ferent signs. The ZPL in Fig. 4 is at about 16 120
em ™' (620 nm). The two nearest peaks located to
the left and to the right from it differ by 219 c¢m ™.
This difference corresponds to one of the normal
mode energies of the octahedral MnF¢ cluster. The
high-energy peak is the anti-Stokes peaks, which is
formed by the pure electronic *E —*A, transition
emission transition with absorption of one vibrational
quantum (it would increase the energy of the emitted
photon ) , whereas the low-energy peak corresponds
to the partial loss of the pure electronic *E—*A,
emission transition energy ( one phonon would be
produced then). Another pair of emission peaks is
mirrored about the ZPL position with the energy
difference of about 345 — 348 cm™'.

spond to the vibronic transitions, which are formed

They corre-

with participation of the pure electronic *E —*A,
transition and another normal mode with the above-
given energy.

Fig.5 shows comparison of the human eye sensitivity

1.0

=---- Human eye sensitivity
——KSiF,
--=-=-NaKaSiF,

o
n
T

Normalized intensity

O ., 2 .o . _~. S, paa—
600 625 650 675
A/nm

Fig.5 Human eye sensitivity curve and emission spectra of
K,SiFg: Mn** and NaKSiF: Mn** phosphors. The

figure below is a zoomed view of the area shown by a

rectangle in the top figure.
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curve peaked at about 550 nm with emission spectra
of K,SiF,: Mn*" and NaKSiF,: Mn** phosphors.

It is clear that the greater the overlap of the
emission spectrum with the human eye sensitivity
curve is, the brighter the phosphor to the human eye
is. From this point of view, the NaKSiF,: Mn**
phosphor is brighter than K,SiF,: Mn** phosphor, as
evidenced by the lower diagram in Fig. 5. Since the
Stokes peaks in the emission spectra are more inten-
sive than the ZPL and the anti-Stokes ones(Fig.4) ,
increase of the ZPL intensity is a very important task
to be achieved for getting efficient bright phosphors.
In addition, the ZPL for the ideal red phosphors
based on the Mn** ions should be located at about
620 nm-this would ensure a large overlap with the
human eye sensitivity curve, still staying in the red
part of the visible spectrum.

It has been noticed that the ZPL has a higher
intensity in the host materials with rather low local
symmetry, especially in those ones, which lack an
inversion center at the local site occupied by the

U521 This is because the inver-

emitting impurity ion
sion center absence removes the parity selection rule
for the electric dipole transitions. Therefore, choo-
sing the low-symmetry hosts for doping with the
Mn** ions is one possible way to get bright phos-
phors.

It is also possible to remove the inversion center
artificially, when making the phosphor, by emplo-
ying the strategy of the cation or anion substitution.
The above given example of K,SiF : Mn** and NaK-
SiF: Mn** phosphors is a good illustration. In both
phosphors the ZPL is at about 620 nm, but in the
latter phosphor its intensity is increased drastically.
This is because of random occupation of the first cat-
ion site by K and Na the inversion symmetry at the
Si site( occupied by the Mn** ions) is removed. An-
other example is the Rb,HfF,, Cs,HfF,, and Rb-
CsHfF, phosphors with Mn**
the first-principles calculations, it has been shown

that in the “mixed” RbCsHfF, compound the Cs and

Rb ions in the second coordination sphere around the

ions. By performing

Hf ions (occupied by the Mn** ions after doping) af-
fect the opposite Hf—F chemical bond lengths in the

HfF, octahedron, which loses then the inversion cen-
ter! 7194

We also mention a recent publication ) that is
focused on the ways of achieving higher efficiency
and greater stability of the Mn*"-doped phosphors
for white LEDs.

2.5 Several Misconceptions Related to The
Analysis of The Mn'* Ions Spectra in
Crystalline Solids

Quite often it is possible to find examples of im-
proper interpretation and analysis of the Mn** spec-
tra in solids. Here we shall not give the references to
those wrong publications. Instead, we just list those
incorrect statements we have seen in the papers and
explain what was wrong there.

(1) Sometimes-although not often-the tetrahe-
dral Mn**
wrong-the Mn**

centers are mentioned. This is ultimately
ions occupy only octahedral posi-
tions.

(2) Sometimes-especially in the oxide hosts-
there are certain issues with assignment of the *A,—
“T, absorption band. This is because this absorption
band overlaps with the O-Mn charge transfer transi-
tions (in fluorides, luckily, this charge transfer band
is located at considerably high energy position due to
higher electronegativity of the fluoride anion). Then
people mistakenly assign the charge transition band
to the *A,—*T, transition, which eventually leads to
unrealistically high values of the Racah parameter B-
even exceeding the free ion value( which is physical-
ly impossible!) and unrealistically low values of the
Racah parameter C.

(3) Since the Mn*" ions are always located at
the strong crystal field sites (Dg/B >2.2 —2.5 in
the Tanabe-Sugano diagram) , the Dg/B ratios which
are either smaller or unrealistically higher( >5 -6,
for example) immediately indicate some mistakes in
determination of the Dg, B, C values.

(4) There are often some issues with the ZPL
determination; e. g. people attempt to assign the
ZPL to the most intensive peak in the group of vi-
bronic lines corresponding to the *E—*A, emission
transition. This should not be done, and the careful

analysis of the ZPL location, as described in the
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present review, should be performed.

(5) There are also some attempts to assign the
origin of the ’E—*A, emission transition to the elec-
tron-vibrational interaction ( EVI). This is wrong.
The EVI can affect the spectral shape of emission
peaks, but the physical origin of appearance of this
transition is in the spin-orbit interaction, that mixes
together the states with the same total angular mo-
mentum J in the G and *F terms even for a
free ion'""".

(6)The structure of the *E—*A, emission
spectrum is due to the crystal field effects. This is
only true partially. The most important reason for the
structured *E—* A, emission spectrum is EVI, and a
thorough analysis of the ZPL position and associated

vibronics should be performed.

3 Conclusion

In the present review, we have described the
main spectroscopic properties of the Mn'" ion,
which is a very important activator for the solid-state
lighting. The origin of the Mn** energy levels and
their splitting in crystal fields were described. The
main advantages of these ions over others are also
highlighted. The main spectroscopic parameters of

the Mn**

and the main trend across this group of materials is

ions in more than 100 solids are collected

discussed. Several practical recommendations on

* ions in crystalline

how to analyze the spectra of Mn*
solids are given in detail to help the researchers
working in the field for the discovery of novel Mn*"

red phosphors.
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